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ABSTRACT 
 
PHOTOPOLYMERIZATION AND CHARACTERIZATION OF  
MODIFIED THIOL-ENE NETWORKS 
by Bradley James Sparks 
 
May 2013 
 
 Photopolymerization provides a unique ability to control variables typically 
uncontrollable using traditional thermally initiated polymerization, thus leading to its use 
in a broad range of commercial operations.  Many of the traditional photopolymers suffer 
from several setbacks, including including oxygen inhibition, unwanted stress buildup 
which leads to bulk shrinkage, etc., which ultimately lead to diminished polymer 
performance.  The photopolymerization of multifunctional thiols and alkenes has been 
shown to provide a means to improve upon the weaknesses of traditional photoinitiated 
polymerizations.  The free radical polymerization of thiol and –ene monomers occurs via 
a series of free radical chain transfer events, as a result, they do not suffer from oxygen 
inhibition or unwanted stress buildup during network formation.  Crosslinked thiol-ene 
networks, however, are not characterized as having high moduli or glass transition 
temperatures due to their chemical makeup (i.e., flexible thio-ether linkages).  
In this work, we describe the modification and characterization of thiol-ene 
networks using various functional materials (either covalently or physically mixed) in an 
effort to improve the physical properties of the network.  In the first study, organic-
inorganic hybrid materials containing stable silanol functionalities were designed by 
incorporating cyclic tetravinyl siloxanetetraols into photopolymerized polymer networks 
via the thiol-ene reaction, with the intent of tailoring the thermal and mechanical 
iii 
 
properties of the resulting materials.  The second study focused developing structure-
property relationships of a modified thiol-ene network as a function of catechol 
concentration.  Ultimately, the catechol functionality played a role in improveing the 
physical properties (i.e., thermomechanical, mechanical and adhesion) of the crosslinked 
networks.  In the third study, graphene oxide materials (graphene oxide and reduced 
graphene oxide) were incorporated into three different thiol-ene networks at various 
loading levels.  The mechanical and thermomechanical properties of the networks were 
investigated to determine the effect of graphene oxide loading percentage on the physical 
properties of the materials.  In the final study, superhydrophobic films were prepared, 
where a hybrid organic-inorganic thiol-ene materials was sprayed onto a surface using an 
airbrush.  Using the combination of the spraying technique and the incorporation of 
functionalized silica nanoparticles, a film with dual-scale roughness on the micro- and 
nano-scale was achieved resulting in the formation of superhydrophobic films with self-
cleaning properties.
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CHAPTER I 
INTRODUCTION 
Photopolymerization 
Photopolymerization is a process in which radiation is used to initiate, via ionic 
or free radical formation, the combination of monomers resulting in the formation of 
oligomers or high molecular weight polymers.  Photoinitiation occurs upon the excitation 
of a photosensitive molecule within the monomer formulation which either undergoes 
degradation processes itself or interacts with another compound to form an initiating 
species.
1
  The rate of initiation can be controlled either by the concentration of the 
photosensitive compounds (i.e., photoinitiators) or the intensity of the radiation, both of 
which control the concentration of radical formation.
2
  This is an attractive process that 
has found preference over traditional thermal processes because of its many advantages 
including low energy consumption and emission, spatial and temporal control, ambient 
curing temperatures, solvent free formulations, and rapid through cure.
3
  As a result, 
photopolymerization has been used in a wide range of applications, including electronic 
and printing materials, device fabrication, adhesive or sealants, and coatings.
4
   
Traditionally, acrylic based monomers (acrylates and methacrylates) are used in 
free radical photopolymerizations, where the polymerization occurs via chain-growth 
mechanism.  Free radical chain polymerization is characterized by the immediate 
formation of high molecular weight species early in the polymerization as well as the 
presence of monomer throughout the polymerization process.  The polymerization 
mechanism (Scheme 1) consists of initiation, propagation, and termination events.   
2 
 
 
Scheme 1.  Photoinitiated free-radical polymerization mechanism. 
Initiation occurs with the formation of a radical species as a result of the 
degradation of an initiator species followed by the addition of the radical to the carbon-
carbon double bond of the monomer, propagation ensues as the radical species rapidly 
add monomer to the growing end of the chain, and termination events occur as a result of 
combination and disproportionation events.  The addition of monomers to the polymer 
chain significantly increases the proximity in which the molecules pack, resulting in 
material contraction (i.e., shrinkage) and the buildup of stress within the polymer 
network.
5-8
  The rapid, uncontrolled polymerization kinetics results in an uneven 
development of molecular weight during polymerization, resulting in the formation of a 
heterogeneous polymer network.  Network homogeneity or heterogeneity can be 
described using the full-width half maximum (fwhm) values obtained from the peaks in 
the tan δ vs. temperature plots derived from dynamic mechanical analysis.  Typically, 
acrylate based polymer networks result in a broad glass transition temperature (Tg), 
yielding fwhm values up to 100 °C.   
Additionally, the free-radical polymerization of acrylic monomers suffers from 
oxygen inhibition as a result of the formation of peroxides and hydroperoxides from 
dissolved oxygen within the resin, resulting in an induction period and lower reaction 
3 
 
rates.
9
  The radical oxygen species are unable to participate in the propagation process 
and their addition terminates the growing chain.  A variety of methods have been 
employed to deal with oxygen inhibition including chemical scavengers (e.g., tertiary 
amines) to remove dissolved oxygen, physical barriers to prevent oxygen exposure, and 
purging with an inert gas to remove the presence of oxygen;
10
 however, these methods 
often sacrifice polymer properties, are expensive, or are impractical for everyday use. 
Reactions with Thiols 
Thiol functional groups can be described as the sulfur analogs of alcohols; thus 
allowing for the two to be easily compared.  Sulfur atoms are much larger than oxygen 
atoms, resulting in a drastic difference in bond lengths and bond angles (0.956 Å/105.2° 
and 1.328 Å/92.2° for -O–H and -S–H, respectively).11  Additionally, thiols have greater 
polarizability than oxygen because the larger electron cloud of sulfur (compared to 
oxygen atoms) is more easily distorted.  Thus thiolate ions and thiyl radicals are easily 
produced and utilized in various efficient Thiol-X reactions (Figure 1) including the  
 
Figure 1. Reactions of thiols with various functional groups.  
4 
 
addition across carbon-carbon double or triple bonds, substitution reactions, addition to 
isocyanates or epoxide ring-opening reactions.
12,13
 
Of particular interest is the addition of thiols across reactive carbon-carbon 
double bonds,  which is a well known reaction dating back to the early 1900s
14
 that is 
typically initiated using ionic or free radical conditions.  Morgan and coworkers,
15,16
 in 
the late 1970s, were credited for an early systematic investigation of the kinetics of the 
thiol-ene reaction and its potential for polymerization.  Much of the fundamental research 
for thiol-ene polymerization was pioneered by Hoyle et al.
12,13,17-25
 and Bowman et 
al.
12,21,26-35
  The reaction regained interest when it fell into a category of reactions coined 
“click” reactions in 2001 by Sharpless and coworkers. 36  The reactions described, 
cycloadditions, nucleophilic substitutions, non-aldol carbonyl chemistry, and additions to 
carbon-carbon multiple bonds, had to meet the following criteria: (a) modular and wide 
in scope, (b) give very high yields, (c) generating only inoffensive byproducts, and (d) 
stereoselective (not necessarily enantioselective).  In addition, these reactions should use 
easily attainable reagents and be carried out in ambient conditions (uninhibited by 
oxygen or water), therefore requiring simple reaction conditions and product isolation.  
The term, click, is used to describe these reactions because of the spontaneity and 
efficiency in which they occur, where each reaction is thermodynamically driven (greater 
than 20 kcal mol
-1
) selectively to a single product.  This chemistry has been utilized for a 
wide range of applications, including polymer modification, dendrimer synthesis, or 
polymerization of crosslinked networks.  
5 
 
 
Scheme 2.  Scheme representing the thiol-ene polymerization mechanism. 
Thiol-Ene Photopolymerization 
Of particular interest is the photoinitiated free-radical polymerization of 
multifunctional thiol and alkene monomers, resulting in the formation of highly 
crosslinked polymer networks.    Thiol-ene polymerization (Scheme 2) occurs in a step-
wise manner facilitated by a free-radical chain transfer reaction between multifunctional 
thiol and alkene monomers.  Similar to traditional photopolymerization, initiation occurs 
through the degradation of a photoinitiator leading to the formation of radicals.  These 
radical species subsequently abstract a hydrogen from the thiol monomer to create a thiyl 
radical.  This thiyl radical adds across the carbon-carbon double bond resulting in the 
formation of a carbon centered radical.  The carbon centered radical participates in the 
chain transfer process by abstracting a hydrogen from another thiol moiety, resulting in 
an additional thiyl radical.  Propagation occurs rapidly and to high conversions.  
Termination events occur as a result of radical coupling, which can occur between thiols 
or carbon centered radicals.  
Unlike acrylate based free radical polymerizations, oxygen inhibition in thiol-ene 
polymerizations is negligible because of the chain transfer process that occurs during the 
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propagation step.  In the presence of thiols, peroxy radicals simply undergo chain transfer 
events with the thiol functionalities resulting in the reactive thiyl radical that 
subsequently adds to the alkene monomer.  This eliminates the requirement to run the 
polymerizations under inert conditions or in the absence of oxygen to obtain required 
conversion. 
Thiol-ene polymerization has become an attractive photopolymerization method 
because of its many salient features such as low stress build-up, narrow glass transition 
temperatures, and negligible oxygen inhibition.  These features are a direct result of the 
mechanism by which the network is formed.  Molecular weight build up during 
polymerization occurs similar to that of an A-A B-B step growth polymerization, where 
dimers, trimer, and tetramers are first formed at low conversion followed by the 
formation of oligomeric or polymeric species at high conversion or late into 
polymerization.
1,31
  As a result, the polymerization medium maintains a low viscosity 
and the gel point is reached only at high conversion values.  The gel point, described as 
the point in which the reaction loses fluidity,
1
 can be controlled by the functionality of 
the monomers used.  Low functionalities result in a gel point at high conversion and 
higher functionalities would result in an earlier onset of gelation.  The gel point can be 
determined using the following equation:
37
 
                         
    
where r is the thiol-ene molar ratio based on functional groups, fthiol is the thiol 
functionality, and fene is the alkene functionality.  In combination with a delayed onset of 
gelation, the uniformity or heterogeneity of the thiol-ene networks (assuming no  
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Figure 2.  Loss Tangent vs. temperature plot showing the glass transition temperature 
ranges of methacrylate and thiol-ene polymer networks. (Image from Lu et al.
29
) 
homopolymerization has occurred) leads to minimal stress build up during network 
formation, resulting in  low shrinkage.   
Network homogeneity it also reflected by narrow glass transition temperatures 
(i.e., low fwhm values), where typical thiol-ene glass transition temperatures occur over a 
range of 15° to 20° C, which is a significantly lower temperature range than 
acrylate/methacrylate based polymers
29
 (Figure 2).  The glass transition temperatures of 
these networks are determined by monomer functionality and structure, resulting in the 
facile ability to tune the thermomechanical properties of the final materials.   
The chemical structure of the monomer (i.e., monomer functionality and rigidity) 
contributes to the rigidity or flexibility of the polymer network.  For example, triallyl 
isocyanurate (TTT) which is a rigid monomer with a cyclic structure forms a rigid 
polymer network resulting in a high glass transition temperature, whereas pentaerythritol 
triallyl ether (APE), a more flexible monomer, forms a less rigid polymer network 
resulting in a lower glass transition temperature.  The functionality (i.e., number of 
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reactive groups) of the monomers affects the crosslink density, which is directly related 
to the rubbery storage modulus of the materials through the theory of rubbery elasticity.
38
  
Despite the broad monomer selection available, high modulus and glass transition 
temperature thiol-ene polymers are difficult to attain. 
Ternary Thiol-Ene Networks 
Crosslinked thiol-ene polymer networks are not known to have robust mechanical 
or thermomechanical properties.  The molecular make-up (i.e., thioether linkages) of 
thiol-ene polymer networks does not permit the formation of high Tg materials.  This 
deficiency has given way to the incorporation of additional functionality within the 
polymer network, such as alkene/acrylate or methacrylate,
19,20,22,27,28,39
 
alkene/isocyanate,
21,24
 and inorganic moieties
18,26,33,40-43
 to form a ternary network.  
Ternary networks can be formed from simultaneous reactions, such as thiol – vinyl – 
vinyl networks, or sequential reactions, such as thiol – vinyl – isocyanate reactions.  The 
simultaneous reactions can result in complicated polymerization kinetics, such as a 
mixed step – chain growth network formation when combining a vinyl monomer that can 
homopolymerize with a vinyl monomer that only undergoes thiol addition, whereas the 
sequential reactions utilize the orthogonality of thiol click reactions to form polymer 
networks.
25,27,34,35
  The additional functionality provided within the network leading to a 
vast improvement in the mechanical, thermomechanical, and thermal properties of the 
thiol-ene networks.   
Ternary thiol – vinyl – vinyl polymer networks, where the vinyl represents a species that 
can undergo thiol addition or homopolymerization (e.g. acrylates or methacrylates) or 
only thiol addition (e.g. vinyl ethers, allyl ethers, etc.), are formed as a result of two 
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simultaneous polymerization mechanisms, the free-radical chain-growth and the step-
growth polymerization mechanisms.  The alkene monomers containing allylic or vinyl 
groups can react only with the thiol monomer while the acrylate or methacrylate 
monomer can undergo free radical thiol addition or chain growth polymerization.  The 
polymerization kinetics is governed by two main factors: the reactivity of the thiyl 
radicals toward the vinyl species and chain transfer reaction rate for vinyl radicals to 
thiols.
27,28
  The electron density of the vinyl groups play an important role in their 
reactivity with thiyl radicals, where electron rich double bonds result in a rapid radical 
addition.  The stability of the resulting radical also plays a role in the rate of addition, 
where a faster reaction rate occurs when a more stable radical is formed following 
addition.  Radical stability is an important factor that dictates the rate of chain transfer 
between the vinyl radical and thiol groups, where a more stable carbon centered radical 
can result in a higher tendency for vinyl – vinyl chain polymerization rather than thiol – 
vinyl step growth polymerization.  Cramer et al.
27
 have investigated the polymerization 
kinetics of multifunctional thiols with multifunctional acrylates, where they observed 
simultaneous chain transfer and homopolymerization events during polymerization, 
resulting in a simultaneous consumption of thiol and acrylate functionalities.  In contrast, 
kinetic studies of thiol – allyl ether – methacrylate systems by Lee et al.28 have 
determined that at low conversions the polymerization is dominated by 
homopolymerization events with chain transfer to thiols, while thiol-allyl ether reactions 
occur predominately at later stages in the polymerization.   
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Figure 3.  Tan δ vs. Temperature plot showing the effect of increasing acrylate 
concentration within a thiol-ene polymer network (Figure from Senyurt et al.
20
) 
Despite differences in kinetics, mechanical and thermomechanical enhancements 
are observed in ternary thiol – vinyl – vinyl networks as a function of 
acrylate/methacrylate concentration.  Increased glass transition temperatures were 
reported with the incorporation of acrylate and methacrylate monomers, where the 
thermal transitions broaden as a function of acrylate/methacrylate concentration due to an 
increase in homopolymerization events.
20
  Since a combination of thiol-ene addition and 
vinyl homopolymerization is occurring, one can expect that the material would reflect a 
combination of the properties of a thiol-ene network and a homopolymerized network.  
The thermomechanical properties can be tuned by controlling the concentration of 
acrylate or methacrylate monomer, as shown in Figure 3, where the glass transition 
temperature increased as a function of acrylate concentration.  Eventually, at high 
acrylate or methacrylate concentrations the ternary network is no longer affected by the 
thiol functionality and behaves similar to that of a pure acrylate/methacrylate network.   
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Hybrid Organic-Inorganic Thiol-ene Networks 
The incorporation of inorganic components within organic polymer networks has 
been exploited as a route to attend to the inadequacies typically associated with highly 
crosslinked thiol-ene networks.  The two components, inorganic and organic, work 
synergistically to improve the physical properties of the materials.  The organic matrix 
provides toughness and processability, while the inorganic components provide 
additional thermal and mechanical stability to the polymer network.  The chemical 
incorporation of inorganic moieties, including silica containing monomers,
18,40
 
functionalized inorganic oxoclusters,
41,43
 thiol or alkene functionalized 
oligosiloxanes,
26,33,42
 and functional nanomaterials
44-46
 have shown to improve the 
physical properties of crosslinked thiol-ene polymer networks.   
Bhagat et al.
40
 utilized the thiol-ene polymerization to form high refractive index 
polymers because of the high sulfur content and the ease of which inorganic 
functionalities could be incorporated into the polymer network via vinyl functionalized 
monomers.  Refractive indices up to 1.703 were obtained by utilizing tetravinyl 
monomers with inorganic cores (Si, Ge, or Sn), cyclic tetra- or trivinyl  siloxanes and 
difunctional thiol monomers.  In an effort to further improve the mechanical properties of 
the materials, the researchers utilized a self-initiating process where the polymerization 
took place spontaneously without the use of a thermal or photoinitiator species resulting 
in the formation of a more homogenous network, as indicated by fwhm values in a tan δ 
vs. temperature plot, with higher glass transition temperatures.   
Sangermano et al.
43
 functionalized zirconium oxoclusters with reactive thiol 
groups capable of acting as nanosized building blocks in a photoinitiated thiol-ene 
12 
 
polymerization.  Functionalized nanoclusters provide an opportunity to better control the 
dispersion and compatibility of the inorganic moiety within the polymer network.  The 
inclusion of the inorganic moiety had no effect on the curing profile of the thiol-ene 
polymerization, however it did result in thermomechanical and physical property 
enhancements.  An increase in glass transition temperature was observed as the loading 
percentage of inorganic additive increased, likely due to favorable interfacial interactions 
between the inorganic cluster and the organic matrix resulting in an increase in the 
crosslink density of the materials indicated by the increase in rubbery storage modulus 
values obtained from DMA.  Furthermore, homogenous dispersion of the inorganic 
oxoclusters was observed, via transmission electron microscopy, resulting in an 
increased surface hardness within the thiol-ene films.  
Schreck et al.
33
 formed silsesquioxane (SSQ) materials, silicon based materials 
with Si–O–Si backbones, containing reactive thiol or alkene functional groups capable of 
participating in photopolymerization events.  The SSQs were prepared via condensation 
reactions of trichloro- or triethoxysilane monomers, where the molecular weights of the 
SSQs could be tailored by varying the reaction conditions.  As a result, the concentration 
of thiol or alkene functionalities can be tailored by varying the molecular weight of the 
SSQ.  Conversion did suffer at higher concentrations of thiol functionalized SSQs as a 
result of limitations due to vitrification.  As expected, the high functionality of the SSQs 
resulted in an increase in the crosslink density of the materials, which translates into an 
increase in the rubbery storage modulus (up to 10 times) and glass transition temperature 
(30 °C increase) of the materials.   
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Phillips et al.
45
 incorporated gold nanoparticles into a crosslinked thiol-ene 
networks.  Because of thiol’s affinity to gold, the nanoparticles can undergo a 
complexation process with the thiol monomers prior to UV curing, resulting in favorable 
interactions between the matrix and the gold filler.  The gold nanoparticles had a strong 
effect on the thermomechanical properties and the thermal stability of the thiol-ene films.  
An initial increase in glass transition temperature followed by a plateau was observed as 
the loading percentage of gold increased, where a maximum increase of 7 °C was 
observed at low loadings.  This increase is due to the reinforcing effect of the gold 
nanoparticles as a result of the favorable interactions between the gold and the thiol 
monomer.  The gold, however, had an adverse effect on the polymerization kinetics, 
where overall alkene conversion decreases as a function of gold content because of the 
stoichiometric differences between thiol and alkene functionalities following the 
complexation of thiol with gold.   
Summary  
Photopolymerization utilizes energy in the form of light to initiate a 
polymerization process through the formation of a reactive species (ionic or radical 
species).  This method is a rapid through-cure process that requires minimal energy input 
and uses little to no solvent under ambient conditions.  Because of its many advantages, 
photopolymerization has found use in a wide variety of commercial processes including 
electronics, coatings, adhesives, sealants, etc.   
Photopolymerizations can occur through a free radical polymerization process, 
where free radicals propagate through double bond containing monomers (e.g., acrylates, 
methacrylates, acrylamides, etc.) to form high molecular weight polymers.  When one or 
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more of the monomers has a functionality that is greater than or equal to two, crosslinked 
networks are formed.  Polymerization occurs via the chain-growth mechanism, where 
high molecular weight species are formed at low conversion values resulting in the 
formation of heterogeneous networks.  Conventional free radical polymerizations suffer 
from oxygen inhibition, further adding to the network heterogeneity.  The heterogeneity 
is observed as broad peaks in the tan δ vs. temperature plots obtained from DMA.   
Thiol-ene photopolymerizations have addressed many of the shortcomings that 
plague traditional acrylate or methacrylate photopolymerizations (i.e., network 
homogeneity, oxygen inhibition, etc.).  Free-radical thiol-ene polymerization occurs in a 
step-wise manner and is facilitated by a free-radical chain transfer process between 
multifunctional thiol and alkene monomers.  Crosslinked thiol-ene polymers are 
characterized as having nearly perfect networks with little to no stress build up during 
polymerization, since the gel-point is only reached at high conversions.  Network 
homogeneity is reflected in the DMA traces as narrow glass transition temperatures, 
which are easily tuned by a judicious choice of commercially available thiol and alkene 
monomers.  Thiol-ene networks, however, characteristically have low glass transition 
temperatures and low modulus values.   
Various methods have been employed in an effort to improve the physical 
properties of thiol-ene materials, including mixing an assortment of vinyl monomers to 
form ternary thiol-ene networks or introducing inorganic materials forming hybrid 
inorganic-organic thiol-ene networks.  Combining a mixture of vinyl monomers broadens 
the functionality which can be incorporated into the thiol-ene network, which can vastly 
improve the network properties.  Hybrid inorganic-organic materials combine the 
15 
 
stability and reinforcing properties of inorganic functionalities with the polymer network, 
which can result in the enhancement of the network’s physical properties.  
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CHAPTER II 
OBJECTIVES 
The photopolymerization of crosslinked thiol-ene polymers results in highly 
uniform networks with well-defined thermal, mechanical, and thermomechanical 
properties.  However, thiol-ene networks are not characterized as having high glass 
transition temperatures or high moduli due to the chemical makeup of the crosslinked 
networks.  In an effort to improve these properties, various additives such as functional 
monomers or nanomaterials can be incorporated into the crosslinked networks.  This 
research focuses on the modification of thiol-ene networks in an effort to improve their 
physical properties.  The objectives of this research are as follows: 
(1) Synthesize hybrid inorganic-organic thiol-ene materials using an inorganic 
monomer with free hydroxyl groups and vinyl functionalities that can 
participate in the propagation step of the photopolymerization of thiol-ene 
monomers; 
(2) Incorporate a mussel-inspired monomer containing catechol functionality into 
a well-defined thiol-ene network in an effort to improve the adhesion of the 
thiol-ene materials by creating favorable interactions between the polymer 
network and the substrate; 
(3) Determine the effect that loading percentage of graphene materials (graphene 
oxide and reduced graphene oxide) has on the mechanical and 
thermomechanical properties of crosslinked thiol-ene networks; 
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(4) Create superhydrophobic films by spraying a formulation of hybrid inorganic-
organic thiol-ene monomer and hydrophobic nanoparticles, which can be 
cured using UV radiation. 
In the first objective (Chapter III), a cyclic siloxane monomer with hydroxyl and 
vinyl functionalities were synthesized and subsequently incorporated into crosslinked 
thiol-ene networks at various loading percentages.  Structure-property relationships will 
be developed based on the composition of the network in relation to the 
structure/functionality of the inorganic monomer.   
The second objective (Chapter IV) will be accomplished by first synthesizing an 
acrylamide monomer (dopamine acrylamide (DAm)) with a catechol pendent group.  
DAm was systematically incorporated into the crosslinked thiol-ene networks, and the 
physical properties of the network were studied as a function of catechol functionality.  
Of specific interest are the adhesion properties of the polymer network as a function of 
the bio-inspired monomer.   
 In the third objective (Chapter V), graphene oxide and reduced graphene oxide 
were first synthesized and characterized.  The effect of graphene materials (graphene 
oxide or reduced graphene oxide) at various loading percentages on the mechanical and 
thermomechanical properties of three thiol-ene polymer networks with a range of glass 
transition temperatures (12 °C – 68 °C) was investigated. 
 The fourth objective (Chapter VI) involves the fabrication of UV curable, 
superhydrophobic films using a spraying technique.  The thiol-ene resin was modified 
using an inorganic monomer and silica nanoparticles, which create a dual scale 
roughness on the micro and nanoscale.  The superhydrophobicity was characterized as a 
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function of the inorganic monomer concentration and the loading percentage of the 
nanoparticles.   
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CHAPTER III 
CYCLIC TETRAVINYLSILOXANETETRAOLS AS HYBRID ORGANIC-
INORGANIC THIOL-ENE NETWORKS 
Introduction 
Light-induced polymerization provides numerous economic and technical 
advantages over conventional thermal polymerization processes for fabrication of cross-
linked thermosets, including rapid through-cure, low energy requirements, ambient 
temperature processing, solvent-free resin compositions and spatial and temporal control 
over the polymerization.  UV photopolymerization is a viable industrial process for 
applications ranging from polymeric coatings and composites to inks and adhesives.
1
  
Recently, cross-linked polymer networks derived from light-induced radical-mediated 
thiol-ene click reactions have garnered significant interest for many of the 
aforementioned applications.
2-4
  The thiol-ene reaction is probably best known for the 
formation of near-perfect cross-linked polymer networks with well-defined physical and 
mechanical properties as exemplified by the work of Hoyle et al.
2-8
 and Bowman et 
al.
3,4,9-12
  Thiol-ene cross-linked polymer networks form via a free-radical step-growth 
process facilitated by a rapid, highly efficient chain-transfer reaction between 
multifunctional enes and thiols. Thus, thiol-ene photopolymerizations proceed very 
rapidly, but reach the gel-point only at relatively high functional group conversions 
yielding uniform networks with reduced shrinkage and stress.  The homogeneity of the 
network is typically reflected by a narrow-ranged glass transition (Tg) occurring over 15 
– 20 °C (compared with up to 100 °C range for heterogeneous methacrylate networks).  
However, as thiol-ene networks are comprised of flexible sulfide bonds, applications that 
24 
require improved thermal (i.e. glass transition temperature) and mechanical properties 
(i.e. modulus/cross-link density) are not readily accessible using traditional thiol-ene 
combinations. 
To address the shortcomings of traditional thiol-ene networks, hybrid 
organic/inorganic design strategies – where attributes of thiol/ene functionalized organic 
and inorganic materials are synergistically combined to improve properties such as 
rubbery modulus, abrasion resistance and thermal stability – have been recently 
investigated.  Early examples include the work by Rose
13
 and Moszner and coworkers
14
, 
which demonstrated the use of the photo-induced thiol-ene reaction as an alternative to 
metal-catalyzed cross-linking of neat polysiloxane materials.  In 2007, Sangermano et 
al.
15
 reported ternary formulations of thiol-functionalized zirconium oxoclusters 
incorporated into allyl pentaerythritol (APE) and trimethylolpropane-tris-(3-
mercaptopropanate).  The authors demonstrated an increase in glass transition, rubbery 
storage modulus and thermal stability with increasing oxocluster content.  Similarly, 
Faccini et al.
16
 reported thiol-ene hybrid materials with thiol-functionalized hafnium and 
zirconium oxoclusters. In a similar fashion, the use of silicon-based fillers has attracted 
considerable attention to improve the properties of thiol-ene materials.  Clark and 
coworkers
17
 reported rapid photopolymerization kinetics and improved scratch resistance 
and flame spread, but little to no change in Tg for thiol-ene resins modified with ene-
functionalized polyoligomeric silsesquioxane (POSS) cages.  Also using thiol-modified 
POSS cages, Luo and coworkers
18
 recently reported thiol-ene photo-cured hybrid 
materials by incorporating POSS into vegetable oil-based ene derivatives.  The authors 
reported a decrease in surface energy and improvements in the thermal stability of the 
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renewable materials.  Sangermano et al.
19
 reported the modification of thiol-ene networks 
via an in situ sol-gel process using tetraethoxy orthosilicate (TEOS) and 3-
mercaptopropyltrimethoxysilane as a sol-gel precursor and coupling agent, respectively.  
Films were dual-cured in a sequential photo-initiated polymerization of the thiol-ene 
network followed by a moisture-induced cure of the inorganic network.  Transparent 
films were obtained that showed improved Tg, as well as surface hardness with increasing 
inorganic content.  More recently, Kim and coworkers
20
 utilized a sol-gel technique to 
synthesize thiol and ene functionalized oligosiloxanes macromonomers capable of 
undergoing photoinitiated thiol-ene polymerization.  The resulting hybrid sol-gel thiol-
ene networks exhibited narrow glass transitions around 50 °C, high refractive index and 
excellent electrical insulation properties.  Most recently, Schreck and coworkers
12
 
incorporated pre-condensed thiol and alkene functionalized silsesquioxanes into 
photoinitiated thiol-ene resins.  The incorporation of the highly functional 
silsesquioxanes increased the glass transition temperature and rubbery storage modulus of 
the hybrid thiol-ene materials, while maintaining low shrinkage stress levels.  Although 
not as relevant to the current work, examples incorporating metal nanoparticles into thiol-
ene networks have also been reported.
5,21
  These few examples of organic-inorganic 
hybrid thiol-ene materials clearly show the utility of this strategy with regard to tailoring 
the thermal, electrical, and mechanical properties of photo-curable polymer networks, but 
a wider application of such hybrid systems is currently unexplored.  
In this work, organic-inorganic hybrid materials were designed by incorporating 
cyclic tetravinylsiloxanetetraols ([Vi(OH)SiO]4) into thiol-ene polymer networks.  The 
cyclic tetravinylsiloxanetetraol monomer is an eight-membered ring comprised of four 
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reactive vinyl functional groups and four stable silanol functional groups.  The objective 
of this study was to investigate the effect of the cyclic tetravinylsiloxanetetraol on the 
thermal and mechanical properties of ternary thiol-ene networks containing various 
loading levels of the cyclic tetravinylsiloxanetetraol.  Pentaerythritol triallyl ether (APE) 
and allyl isocyanurate (TTT) along with pentaerythritol tetra(3-mercaptopropionate) 
(PETMP) were used to formulate the base resin.  Depending on the initial rigidity and 
thermal properties of the base thiol-ene resin (i.e. TTT vs. APE), the incorporation of 
[Vi(OH)SiO]4 was found to increase the glass transition in APE/PETMP networks and 
decrease glass transition in TTT/PETMP networks despite an increase in the cross-link 
density in both cases.  Additionally, the presence of unreacted silanol functional groups 
were maintained within the hybrid networks demonstrating the stability of the silanols 
under the conditions of photoinitiated thiol-ene reactions.  Ultimately, these materials are 
of interest for the development of new polymeric stone treatments, whereby the 
incorporation of the silanol functional groups is expected to improve interaction and 
adhesion with stone surfaces.  The chemical composition and photopolymerization 
kinetics were investigated by Fourier transform infrared (FTIR) spectroscopy and real-
time FTIR (RT-FTIR), respectively.  Dynamic mechanical analysis (DMA) was used to 
investigate the thermomechanical properties of the hybrid polymer networks, whereas the 
thermal stability was evaluated using thermogravimetric analysis (TGA). Finally, 
transmission electron microscopy (TEM) was used to investigate the morphological 
homogeneity of the organic-inorganic thiol-ene networks.   
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Experimental 
Materials 
All reagents and solvents were obtained at the highest purity available from 
Aldrich Chemical Company and used without further purification unless otherwise 
specified. Pentaerythritol triallyl ether (APE) and allyl isocyanurate (TTT) were obtained 
from Sigma-Aldrich, pentaerythritol tetra(3-mercaptopropionate) (PETMP) was obtained 
from Bruno Bock, and Irgacure 184 was obtained from Ciba. 
 
Figure 4. Chemical structures of the multifunctional enes, thiols, and photoinitiator. 
Characterization 
Dynamic mechanical analysis (DMA) was performed using a TA Instruments 
Q800 dynamic mechanical analyzer in tension film mode equipped with a gas cooling 
accessory. Samples were clamped at a torque of 2 in-lb, and the strain applied was 
0.05%.  Samples were heated from -40 °C to 80 °C for the samples containing APE while 
the TTT samples were heated from -20° C to 120° C at a ramp rate of 2 °C/min.  Sample 
densities were determined by Archimedes’ Principle using a Mettler Toledo XS104 
analytical balance equipped with a density kit.  Thermogravimetric analysis (TGA) was 
performed using a TA Instruments Q50 thermogravimetric analyzer with a ceramic pan. 
Samples were heated at 10° C/min from 20° C to 800° C.  A Varian Mercury Plus 
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300MHz NMR spectrometer operating at a frequency of 300 MHz with VNMR 6.1C 
software was used for proton analysis.  Size exclusion chromatography was conducted 
using a Tosoh EcoSEC equipped with a refractive index detector, four columns (two 
TSKgel SuperMultiporeHZ-M, one TSKgel SuperHZ2000, and one TSKgel 
SuperHZ1000) and tetrahydrofuran as the mobile phase. Kinetic data was obtained using 
real-time FTIR (RT-FTIR) spectroscopy by determining the conversions of the thiol and 
–ene functional groups. The RT-FTIR studies were conducted using a Nicolet 8700 FTIR 
spectrometer with a KBr beam splitter and a MCT/A detector with a 320-500 nm filtered 
ultraviolet light source. Each sample was exposed to a UV light with an intensity of 20 
mW/cm
2
.  Series scans were recorded, where spectra were taken approximately 1 scan/s 
with a resolution of 4 cm
-1
.  TEM images were acquired using a JEOL JEM-2100 LaB6 
operating under ultra-high vacuum with an acceleration voltage of 200 kV. Samples were 
microtomed using a Micro Star diamond knife with a 4.0 mm length diamond blade at a 
45° incline angle.  Sectioned film samples were deposited onto silicon monoxide-coated 
300 mesh copper grids (SF300-Cu, Electron Microscopy Sciences) and allowed to dry at 
room temperature overnight.  No stain was used in the preparation of the sample grids.  
The chemical nature of the surfaces was characterized by Fourier transform infrared 
spectroscopy (FTIR) in grazing-angle attenuated total reflectance mode (gATR-FTIR) 
using a ThermoScientific FTIR instrument (Nicolet 8700) equipped with a VariGATR™ 
accessory (grazing angle 65°, germanium crystal; Harrick Scientific).  Spectra were 
collected with a resolution of 4 cm
-1
 by accumulating a minimum of 128 scans per 
sample. All spectra were collected while purging the VariGATR™ attachment and FTIR 
instrument with N2 gas along the infrared beam path to minimize the peaks corresponding 
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to atmospheric moisture and CO2.  Spectra were analyzed and processed using Omnic 
software.  Static water contact angle measurements were collected using a ramé-hart 200-
00 Std.-Tilting B with 10 μL water droplets.  The static contact angle goniometer was 
operated in combination with accompanying DROPimage Standard software.  
Synthesis of Potassium cis-Tetravinyltetrasiloxanolate (2) 
The tetravinylsiloxanetetraol potassium salt was synthesized according to a 
modified method previously described in literature.
22
  KOH (26.59g, 0.474 mol, 99.99% 
Semiconductor grade) and hexanes (0.420 L) were charged into a 3-neck round bottom 
flask equipped with a stirring bar, reflux condenser, and a drying tube. This mixture was 
stirred while adding a mixture of triethoxyvinylsilane (90.27g, 0.474 mol), ethanol (0.060 
L), and water (0.0008 L, 0.044 mol) to the round bottom flask.  The reaction was stirred 
for 1.5 hours at approximately 20 °C, followed by stirring for 5-6 hours at 0 °C to 4 °C. A 
fine, crystalline precipitate formed in solution.  The precipitate was filtered, washed with 
additional hexanes, and dried in a vacuum oven. The salt was kept under nitrogen until 
further use.  
Synthesis of Cyclic Tetravinylsiloxanetetraol [Vi(OH)SiO]4 (3)  
Potassium cis-tetravinyltetrasiloxanolate was slowly added as a solid to a mixture 
of acetic acid (4.5 mol excess), ice/H2O (3X weight of the salt) and ethyl acetate (4X the 
weight of the salt) with vigorously stirring.  The temperature was maintained less than 30 
°C and the solution was kept at acidic pH.  The mixture was stirred for 1 h and the 
organic layer was separated, washed once with 5% sodium bicarbonate, twice with 
saturated NaCl, and finally with DI water.  The organic layer was then dried over 
magnesium sulfate, filtered, and excess solvent was removed by rotary evaporation. The 
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hydrolyzed product crystallized upon the reduction of solvent.  The crystalline material 
was dried under high vacuum and stored under a dry atmosphere until ready to use. The 
product was characterized using size exclusion chromatography (SEC) and NMR. 
1
H 
NMR: 6.01 (m, H2C=CH-) 
29
Si NMR: ≈ -74 ppm. 
Preparation of Hybrid Thiol-Ene Networks 
Ternary thiol-ene networks were synthesized from PETMP/TTT and 
PETMP/APE formulations containing 0, 10, 25, and 50 mol % of cyclic 
tetravinylsiloxanetetraol [Vi(OH)SiO]4 – maintaining a 1:1 thiol:ene functional group 
stoichiometry.  The cyclic tetravinylsiloxanetetraol was first weighed out into a 
scintillation vial along with 1 mol% photoinitiator (Irgacure 184), which were dissolved 
completely using 400μL of N,N-dimethylformamide (DMF).  Once completely dissolved, 
the thiol and ene monomers were added with thorough mixing.  The monomer mixture 
was transferred into DMA molds and cured under a medium pressure mercury UV lamp 
at an intensity of 16 mW/cm
2 
for 30 minutes. The resulting cross-linked samples were 
soaked in deionized water for 12-15 h to remove residual DMF from the networks and 
dried in a vacuum oven at 100° C overnight. 
Results and Discussion 
Synthesis and Characterization of [Vi(OH)SiO]4 
The cyclic tetravinylsiloxanetetraol [Vi(OH)SiO]4 was synthesized in two steps 
via base-catalyzed hydrolytic condensation of triethoxyvinylsilane in hexane followed by 
hydrolysis of the resulting  potassium tetravinyltetrasiloxanolate with acetic acid (Scheme 
3).  The target product was characterized by a single peak in the 
29
Si NMR spectrum at -
74 ppm indicative of an all-cis structure (Figure in Appendix A).
22,23
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Scheme 3. Synthesis of cyclic tetravinylsiloxanetetraols [Vi(OH)SiO]4. 
Given that [Vi(OH)SiO]4 contains uncondensed silanols, the possibility exists for further 
condensation with time resulting in an ill-defined polymeric material.  Qualitatively, this 
process was evidenced by a change in consistency of the initial product with storage time.  
Size exclusion chromatography of the freshly prepared [Vi(OH)SiO]4 showed 
predominately a single peak with narrow size distribution, but also a small shoulder at 
lower elution times indicating the presence of minute quantities of undesirable 
condensation by-products (Figure in Appendix A).  The intensity of the peak at shorter 
elution times gradually increased and shifted to shorter elution times upon storage 
indicating further condensation processes.  Thus, [Vi(OH)SiO]4 was prepared and utilized 
within one week to avoid the incorporation of polycondensation products in the thiol-ene 
materials (with proper storage under a dry atmosphere, no changes in the SEC were 
observed over the course of a week). 
Photopolymerization and Property Evaluation of [Vi(OH)SiO]4-Containing Networks 
A series of materials were synthesized in order to fully investigate the effect of 
cyclic tetrasiloxanetetraol [Vi(OH)SiO]4  concentration on the photopolymerization 
kinetics, thermal, and mechanical properties of various ternary thiol-ene networks. Resins 
were prepared from mixtures of trifunctional ene monomers (TTT or APE) and a 
tetrafunctional thiol (PETMP) containing 0, 10, 25 and 50 mol % [Vi(OH)SiO]4, while 
maintaining  a 1:1 stoichiometry of ene:thiol functional groups.  Additionally, Irgacure 
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184 (1 mol% with respect to the ene concentration) was added to the resin as a 
photoinitiator. A minimal amount of DMF was added to improve solubility of 
[Vi(OH)SiO]4 in the resin mixture. The formulated resins were added to silicone molds 
and cured under a medium pressure mercury UV lamp for 30 min at 16 mW/cm
2
 light 
intensity.  
Polymerization Kinetics  
The polymerization kinetics were monitored using RT-FTIR for each ternary 
system: TTT-PETMP and APE-PETMP containing 0 – 50 mol% of [Vi(OH)SiO]4). For 
these measurements, the formulated resins were sandwiched between two NaCl windows 
(5 mm × 25 mm) and irradiated with UV light (filtered 320-500 nm) with an intensity of 
approximately 20 mW/cm
2
.  Figure 5 shows exemplary FTIR spectra for the uncured 
TTT-PETMP-[Vi(OH)SiO]4 and APE-PETMP-[Vi(OH)SiO]4 resins with decreasing 
concentration of [Vi(OH)SiO]4 where (a,e) correspond to 50% loading of [Vi(OH)SiO]4 
and (b,f), (c,g), and (d,h) correspond to the 25%, 10% and 0% loading of [Vi(OH)SiO]4, 
respectively.   
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Figure 5. FTIR spectra of uncured TTT-PETMP resin with a) 50%, b) 25%, c) 10%, and 
d) 0% loading of [Vi(OH)SiO]4 and uncured APE-PETMP resin with e) 50%, f) 25%, g) 
10%, and h) 0% loading of [Vi(OH)SiO]4. 
 
The presence of the free and unreacted silanol (Si-OH) can be observed by the broad 
adsorption from 3150 – 3700 cm-1.  Additionally, for ternary resin mixtures, two alkene 
peaks can be identified at 3083 cm
-1
, 3079 cm
-1
, and 3059 cm
-1
 corresponding to the ene 
groups of TTT, APE, and [Vi(OH)SiO]4, respectively.  As a coincident consumption of 
each ene was observed, deconvolution of the overlappedpeaks was difficult and provided 
no additional information regarding individual reaction rates.  Thus, conversion values 
were determined and reported as the change in the area under the peaks related to the ene 
and thiol moieties at 3083 cm
-1
, 3079 cm
-1
, and 2570 cm
-1
, respectively.  As shown in 
Figure 6, the conversion versus time plots for TTT-PETMP without [Vi(OH)SiO]4 show 
rapid polymerization rates, where 90% conversion of both the thiol and the ene groups 
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(1:1 stoichiometry) is reached within seconds (Figure 6a). As the mole percentage of the 
[Vi(OH)SiO]4 is increased, a decrease in the overall thiol conversion was observed and 
became more prominent at 50 mol% of [Vi(OH)SiO]4, as shown in Figure 6b – d.  Upon 
further investigation, it was found that [Vi(OH)SiO]4 undergoes some 
homopolymerization resulting in deviations from the expected 1:1 stoichiometric ratio 
between thiols and alkene functionalities.  Cramer and coworkers
24
 have also reported 
homopolymerization of TTT in thiol-ene photopolymerizations, which likely is the main 
cause of the non-stoichiometric conversion of ene and thiol in the present work. 
Similarly, rapid polymerization rates were observed for the APE-PETMP-[Vi(OH)SiO]4 
ternary system as shown in the conversion versus time plots in Figure 6e – h.  A small 
decrease in overall ene and thiol conversion was observed, where conversion decreased 
from ≥99% to ~90% with increasing [Vi(OH)SiO]4 concentration.  However, in contrast 
to the TTT-PETMP-[Vi(OH)SiO]4 system, the stoichiometric balance between thiol and 
ene functional groups was maintained throughout the polymerization and over all 
concentrations of [Vi(OH)SiO]4.   
 
35 
 
Figure 6. Kinetic plots of conversion vs. time for the TTT/[Vi(OH)SiO]4-PETMP 
polymer networks with different loading percentages: a) 0% [Vi(OH)SiO]4, b) 10% 
[Vi(OH)SiO]4, c) 25% [Vi(OH)SiO]4, d) 50% [Vi(OH)SiO]4, and for the 
APE/[Vi(OH)SiO]4-PETMP polymer networks with different loading percentages: e) 0% 
[Vi(OH)SiO]4, f) 10% [Vi(OH)SiO]4, g) 25% [Vi(OH)SiO]4, and h) 50% [Vi(OH)SiO]4, 
(■ = ene Functionality ○ = thiol functionality). 
 
Thermomechanical Properties   
 Thermomechanical transitions of the hybrid thiol-ene networks were investigated 
using dynamic mechanical analysis (DMA) in tension film mode at a rate of 2 °C/min.  
DMA was used to obtain storage (E’) and loss moduli (E”) as a function of temperature.  
The ratio E”/E’ of the loss and storage moduli gives tan δ, a damping term, which relates 
the energy dissipation relative to the energy stored in the material upon periodic 
deformation.  The glass transition temperature (Tg) was determined from the peak 
maximum of the tan δ curve. Figure 7a shows the tan δ curves for the APE-PETMP-
[Vi(OH)SiO]4 ternary system with increasing concentrations of [Vi(OH)SiO]4. The tan δ 
of the unmodified APE-PETMP sample shows a narrow thermal transition – indicative of 
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a homogeneous network structure– with a Tg at 15.2 °C.  A shift of the tan δ peak to 
higher temperature was observed with increasing concentration of [Vi(OH)SiO]4, 
indicating an increase in Tg upon incorporation of the inorganic constituent in the 
network.  Notably, the glass transition temperature increased by as much as 30 °C with 
50% [Vi(OH)SiO]4 loading in the APE-PETMP system (see Table 3.1 for summary of 
material properties).  Figure 7b shows a marked increase in the rubbery storage modulus 
of the APE-PETMP-[Vi(OH)SiO]4 ternary system with increasing concentration of 
[Vi(OH)SiO]4.  The observed increase in Tg and rubbery modulus can be attributed to an 
increase in the relative cross-link density as a function of [Vi(OH)SiO]4 loading, which 
results primarily from the higher tetra-functionality of [Vi(OH)SiO]4 as compared with 
the trifunctional APE.  Molecular weight between crosslinks (Mc) was estimated from the 
rubbery plateau storage modulus at Tg + 40 °C according to the theory of rubber 
elasticity
25,26
 where ρ is sample density, determined using Archimedes’ Principle, R is the 
gas constant, T is the temperature, and E´ is the elastic modulus. The calculated Mc 
values (summarized in Table 1) systematically decrease from 587.9 g/mol for the 
unmodified APE-PETMP network to 118.0 g/mol for the APE-PETMP-[Vi(OH)SiO]4 
network containing 50% [Vi(OH)SiO]4.   
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Figure 7. Plots of (a) tan δ vs. temperature and (b) storage modulus vs. temperature for 
different loading percentages of [Vi(OH)SiO]4 in APE-PETMP networks. 
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Table 1 
Thermomechanical properties, including calculated molecular weight between crosslinks 
values of the corresponding polymer networks. 
PETMP-TTT-
[Vi(OH)SiO]4 (ene ratio) 
Tg 
(°C) 
Tan δ 
fwhm 
(°C) 
E´Rub 
(MPa)
a
 
ρ 
(g/cm
3
) 
Mc 
(g/mol) 
100:0 67.5 17.7 24.1 1.331 579.5 
90:10 58.8 27.9 25.2 1.348 542.7 
75:25 54.2 34.3 35.7 1.356 378.8 
50:50 46.9 24.6 64.7 1.356 205.3 
PETMP-APE-
[Vi(OH)SiO]4 (ene ratio) 
 
100:0 15.2 10.0 20.8 1.251 587.9 
90:10 19.9 11.9 29.7 1.270 417.0 
75:25 30.7 17.9 48.0 1.290 265.5 
50:50 44.9 35.6 112.0 1.332 118.0 
 
 
a E´Rub was taken at Tg + 40 °C; ρ is the measured sample density; Mc is the molecular weight between cross-links. 
 
These results are consistent with calculated theoretical values based an ideal network of 
the APE and PETMP monomers. A significantly different behavior was observed for the 
TTT-PETMP-[Vi(OH)SiO]4 ternary system, as compared with the previously described 
APE-based networks.  Figure 8a shows the tan δ curves for the TTT-PETMP system as a 
function of increasing [Vi(OH)SiO]4 concentration.  As expected, the unmodified TTT-
PETMP sample shows a narrow tan δ with a glass transition temperature of 68 °C.  As 
the concentration of [Vi(OH)SiO]4 increases, the  
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Figure 8. Plots of (a) tan δ vs. temperature and (b) storage modulus vs. temperature for 
different loading percentages of [Vi(OH)SiO]4 in TTT-PETMP networks. 
 
tan δ significantly broadens and becomes asymmetrical indicating the formation of a 
more heterogeneous polymer network.  The network heterogeneity is likely attributable to 
the homopolymerization of TTT and [Vi(OH)SiO]4 as evidenced and discussed in the 
prior kinetics section, although evidence of phase separation was not readily apparent in 
TEM analysis (vide infra).  Interestingly, a decrease in Tg was observed with increasing 
[Vi(OH)SiO]4 concentration, despite a readily apparent increase in the cross-link density 
as evidenced by the higher rubbery plateau storage modulus values shown in Figure 8b, 
and consequently a decrease in the calculated Mc values summarized in Table 1.  This 
40 
counterintuitive behavior (e.g. Tg decrease with increase in cross-link density) can be 
explained on the basis of monomer rigidity by comparing the rigid cyclic structure of 
TTT to that of the flexible cyclic structure and Si-O-Si bonds comprising [Vi(OH)SiO]4.  
In this case, although cross-link density increases and plays a role in the observed 
thermomechanical properties, the glass transition is mainly controlled by the increased 
fraction of siloxane bonds in the network as TTT is replaced with [Vi(OH)SiO]4 at higher 
inorganic loading levels.   
Network Thermal Stability   
Thermogravimetric analysis was used to characterize the thermal stability of the 
hybrid ternary networks.  Thermograms were collected under a N2 atmosphere at a ramp 
rate of 10 °C/min.  Figures 9a and 9b show the TGA thermograms for the TTT-PETMP-
[Vi(OH)SiO]4  and the APE-PETMP-[Vi(OH)SiO]4, respectively, as a function of 
increasing [Vi(OH)SiO]4 concentration.  The thermal degradation values are summarized 
in Table 3.2.  The initial onset of degradation for the TTT-PETMP-[Vi(OH)SiO]4 system 
was observed around 200 °C and was not adversely affected by the composition of the 
ternary network.  However, the temperature at 5% weight loss (Td,5%) for the TTT-
PETMP-[Vi(OH)SiO]4 system showed an approximate 75 °C decrease at 50% 
[Vi(OH)SiO]4 (Td,5%; 274.6 °C) compared to the neat TTT-PETMP (Td,5%; 352.5 °C) 
system.  The decrease in thermal stability could be attributed to the lower conversion 
values in the 50% [Vi(OH)SiO]4 system.  Additionally, a significant improvement in the 
thermal stability of the network was observed at higher temperatures, where the inorganic 
constituent contributes to an increase in thermal stability via the formation of char as 
[Vi(OH)SiO]4 concentration increases.  Char yields quantified at 800 °C increased from 
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6.4% for the neat TTT-PETMP network to 23.2% for the TTT-PETMP-[Vi(OH)SiO]4 
system containing 50% [Vi(OH)SiO]4.  Similar trends were observed for the APE-
PETMP-[Vi(OH)SiO]4 system with a systematic increase in char yield, up to 22.9%, with 
increased [Vi(OH)SiO]4 loading.  These results are consistent with previously reported 
inorganic-organic hybrid materials, where higher loadings of inorganic fillers increased 
the overall thermal stability and char yield observed by TGA.
15
 
 
Figure 9. Degradation profiles and derivatives from TGA of a) APE-PETMP and b) 
TTT-PETMP with varying concentrations of [Vi(OH)SiO]4. 
 
Network Morphology and Surface Properties 
 Since silanol groups on the [Vi(OH)SiO]4 are uncondensed at the time of network 
formation, the potential exists for formation of siloxane agglomerates via  
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Figure 10. TEM micrographs of APE-PETMP with (a) 0% [Vi(OH)SiO]4 and (b) 50% 
[Vi(OH)SiO]4 and TTT-PETMP with (c) 0% [Vi(OH)SiO]4 and (d) 50% [Vi(OH)SiO]4.  
Textures in the images are artefacts from the microtome process.  Scale bars are 200 nm. 
polycondensation of free silanol groups either during or after photopolymerization.  Thus, 
transmission electron microscopy (TEM) was used to characterize the morphology of the 
hybrid ternary networks.  Samples were cast into a silicone mold and photocured as 
previously described for the DMA samples.  Samples bars were microtomed with a 
diamond knife to obtain thin cross-sections and imaged without any additional staining.  
Figures 10a-b and 10c-d show the TEM micrographs for APE-PETMP and TTT-PETMP 
samples containing 0% and 50% [Vi(OH)SiO]4, respectively.  Excluding artifacts 
resulting from the microtome process, no significant differences were observed between 
the neat and siloxane-containing networks.  An expected increase in overall electron 
density of the siloxane-containing networks was observed as indicated by the increased 
image contrast; however, no evidence was observed that indicates the presence of 
aggregation or microphase separation of constituent components within the networks. 
The homogeneity indicates that  
[Vi(OH)SiO]4 is being incorporated into the polymer networks at the molecular level, and 
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perhaps due to restricted mobility within the cross-linked network, aggregates of 
[Vi(OH)SiO]4 are not forming via condensation reactions of the silanol groups.  Further, 
the presence of uncondensed silanol groups at the sample surface was confirmed by 
ATR-FTIR indicating, at least to some degree, the stability of the silanol within the cross-
linked polymer network (Figure 11).  Water contact angle measurements for the TTT-
PETMP-[Vi(OH)SiO]4 samples also showed a decrease in hydrophobicity with 
increasing [Vi(OH)SiO]4 concentration (95°, 81°, 73°, and 64° for the 0%, 10%, 25% and 
50%, respectively).  Studies are underway to investigate the long-term stability of the 
silanol-containing networks to determine if ageing under various environments 
significantly alters the thermomechanical properties of these hybrid ternary materials.   
 
Figure 11. ATR-FTIR spectra of the hydroxyl-region for photocured TTT-PETMP with 
(a) 0% [Vi(OH)SiO]4, (b) 10% [Vi(OH)SiO]4, (c) 25% [Vi(OH)SiO]4, and (d) 50% 
[Vi(OH)SiO]4.   
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Conclusions 
 Hybrid thiol-ene networks, APE-PETMP and TTT-PETMP, were synthesized 
with varying concentrations of [Vi(OH)SiO]4, resulting in different thermomechanical 
effects within the two ternary systems.  An increase in glass transition temperature was 
observed with the APE-PETMP networks while a decrease in glass transition temperature 
was observed for the TTT-PETMP networks with increasing concentration of 
[Vi(OH)SiO]4.  The increase glass transition temperature of the APE-PETMP network 
can be attributed to an increase in crosslink density, as indicated by an increase in 
rubbery plateau modulus and a decrease in the calculated Mc values.  An increase in 
crosslink density was also observed in the TTT-PETMP systems, however, the observed 
decrease in glass transition temperature in this case can be attributed to an increase in the 
fraction of the flexible siloxane linkages of [Vi(OH)SiO]4 comprising the initially rigid 
TTT/PTEMP polymer network.  In both ternary systems, rapid photopolymerization 
kinetics were maintained with high functional group conversion obtained even at 50% 
[Vi(OH)SiO]4. TEM analysis verified that the absence of microphase separation as well 
as inorganic aggregates that would result from extensive condensation reactions between 
silanol groups.  Ultimately, these materials are of interest for the consolidation of heritage 
stone materials, where the incorporation of silanol groups could lead to improved 
interactions between the surface of the stone and polymeric treatment.  Work is underway 
to evaluate adhesion of these materials to model stone surfaces, and to compare these 
materials with various capped cyclic tetravinylsiloxanetetraols (i.e. silanol capped with 
trialkylsilyl groups).  Additionally, aging studies are underway to evaluate the long-term 
stability of these silanol-containing polymer networks.   
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CHAPTER IV 
MUSSEL-INSPIRED THIOL-ENE POLYMER NETWORKS: INFLUENCING 
NETWORK PROPERTIES AND ADHESION WITH CATECHOL FUNCTIONALITY 
Introduction 
The adhesive capabilities of intertidal marine species, such as mussels and 
polychaetes, have recently provided a wealth of inspiration toward the design and 
development of new materials.  Mussels show a unique ability to affix themselves to wet, 
heterogeneous surfaces such as rocks, and maintain adhesion under the high-energy, 
turbulent environment of the intertidal zones.
1
  Likewise, polychaetes – such as the 
phragmatopoma californica – use a natural adhesive system to build tubular dwellings 
from inorganic sand grains and biogenic shell fragments also capable of withstanding the 
turbulent environment of the intertidal zones.
2,3
  While the natural adhesives employed 
by these organisms are a complex mixture of proteins, 3,4-dihydroxyphenylalanine 
(DOPA) has been identified as a common constituent that plays a central role in the 
curing and interfacial interactions of the adhesive plaques.
4
  DOPA is thought to play two 
primary roles in such bioadhesives – first, to facilitate crosslinking via the formation of 
di-DOPA linkages leading to solidification of precursor proteins,
5
 where crosslinking 
may occur via oxidative,
6,7
 enzymatic,
6-8
 or redox induced radical chemistry,
5,9-14
 and 
second, to facilitate adhesion to heterogeneous substrates via DOPA’s ability to undergo 
hydrogen bonding,
15-18
 π-π aromatic interactions and metal-ligand complexation15,19-22 
with a variety of surface functionalities.   
Inspired by the salient features of natural bioadhesives, interest in designing 
synthetic polymeric systems that incorporate DOPA and analogous catecholic moieties as 
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active adhesive constituents has proliferated in recent years. The earliest examples 
focused on the synthesis of DOPA-containing polypeptides,
23-25
 while more recent efforts 
have focused on the synthesis of linear and branched polymeric systems that incorporate 
dopamine or other catechol derivatives as pendent side chains or end groups.
26
  
Dopamine functionalized polymeric systems based on polyethylene glycol,
27-38
 
polyamides,
39
 polystyrenes,
40-47
 polyurethanes,
48
 and polyacrylates
22,49-53
 have been 
reported, and have enabled the development of self-healing polymer networks,
54
 
hydrogels,
28,29,31,54,55
 coacervates,
51,56,57
  nanoparticle stabilizers,
32,58
 and imaging 
agents.
58,59
 Obviously, the strong surface adhesion of DOPA-mimics has also provided 
exciting opportunities for the development of sealants,
60
 adhesives,
26,43,56,61,62
 and 
functional films for a variety of applications.
26,33,38,46,53,63
  For such applications, the 
catechol may serve as an anchor for immobilizing a polymer coating onto a surface
64,65
 or 
may impart both adhesive and cohesive properties to the applied polymeric system.
18
  In 
this direction, free radical copolymerization of dopamine methacrylamide or 3,4-
dihydroxystyrene with other acrylate or styrene derivatives has provided the prevalent 
strategy for incorporating catechol moieties into polymeric structures.  For example, 
Stepuk et al.
61
 recently reported the development of metal-polymer adhesives derived 
from thermal free radical copolymerization of dopamine methacrylamide or 3,4-
dihydroxystyrene with methyl methacrylate.  The resulting copolymers yielded 
improvements in macroscopic adhesion to aluminum and titanium substrates when 
presented in the non-oxidized catechol form, while samples pre-oxidized to the quinone 
form showed little effect on adhesive properties.  Similarly, Matos-Pérez et al.
43
 reported 
a systematic study elucidating the relationship between polymer composition and degree 
50 
 
 
of crosslinking on adhesion to various substrates for a series of poly(3,4-
dihydroxystyrene-co-styrene) copolymers obtained by thermal polymerization.  In this 
case, crosslinking was achieved through oxidation of the pendent catechols with a strong 
oxidizing agent such as tetrabutylammonium periodate, while degree of crosslinking was 
controlled by the amount of 3,4-dihydroxystyrene in the copolymer.  Improvements in 
adhesion were observed upon crosslinking for samples containing up to 33 mol% 3,4-
dihydroxystyrene, while further increases in 3,4-dihydroxystyrene concentration were 
detrimental to adhesive properties illustrating an important balance between adhesive 
interactions of the polymer with the substrate and cohesive interactions within the 
polymer itself. 
 Aside from thermal polymerization, an interesting route to bioinspired catechol-
functionalized polymer coatings and adhesives is photopolymerization.  Light-induced 
polymerization is an industrially viable process that offers numerous economic and 
technical advantages over conventional thermal polymerization, particularly toward the 
fabrication of crosslinked thermosets.  These advantages include rapid through cure, low 
energy requirements, ambient temperature processing, solvent-free resin compositions, 
and spatial and temporal control over the polymerization process.  Despite such 
advantages, relatively few examples have been reported that employ 
photopolymerization for fabrication of polymer networks containing catechol 
functionality.
52,62,66
  Chung and coworkers
52
 used photopolymerization to prepare lightly 
crosslinked dopamine methacrylamide/2-methoxyethyl acrylate copolymers in the 
presence of ethylene glycol dimethacrylate to investigate the effect of viscoelastic 
properties of the network on adhesion measured by indentation.  The presence of 
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crosslinker provided improved work of adhesion under wet conditions, while the non-
crosslinked copolymer showed the highest work of adhesion under dry conditions in 
comparison to non-catechol control samples.  Most recently, Xue et al.
62
 published the 
preparation of a photocurable bioadhesive based on copolymerization of dopamine 
methacrylamide with an acrylate-functionalized poly(vinyl alcohol).  The authors 
reported networks containing 40 wt% dopamine methacrylamide and 1 wt% acrylate-
functionalized poly(vinyl alcohol) provided the highest adhesion to glass substrates as 
determined by lap-shear tensile tests.  However, the synthesis of such bioadhesives 
required greater than 48 wt% N-methylpyrrolidone during preparation, which diminishes 
the bio- or environmentally friendly aspects of solvent-free photopolymerization. In 
general, photocurable resins based solely on acrylates, methacrylates, or styrenics, such 
as those previously described, yield highly heterogeneous networks, and also suffer from 
oxygen inhibition necessitating longer cure times to reach high conversions.
67
 
 Alternatively, cross-linked polymer networks derived from light-induced radical-
mediated thiol-ene reactions provide many advantages over traditional acrylate or 
methacrylate resins.
68-70
  Thiol-ene polymer networks form via a free-radical step-growth 
process facilitated by a rapid, highly efficient chain-transfer reaction between 
multifunctional enes and thiols which provides insensitivity to oxygen inhibition and 
near-perfect network structures with well-defined physical and mechanical properties. 
Thus, thiol-ene photopolymerizations proceed very rapidly, but reach the gel-point only 
at relatively high functional group conversions yielding uniform networks with reduced 
shrinkage and stress.  The homogeneity of the network is typically reflected by a narrow-
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ranged glass transition (Tg) occurring over 15 – 20 °C (compared with up to 100 °C 
range for heterogeneous methacrylate networks).  Properties and functionality 
of the network system can also be diversely varied based on the wide range of 
commercially available or easily attainable monomers with alkene functionality 
providing opportunities to design binary and ternary networks via copolymerization.
71-76
  
While thiol-ene photopolymerization has indeed been utilized to develop a broad range 
of functional materials,
68-70
 the incorporation of DOPA-mimics into photocurable thiol-
ene networks has not been explored as a route to alter network properties and improve 
adhesive interactions with substrate surfaces.      
Herein, we report the synthesis of ternary polymer networks prepared by 
incorporating dopamine acrylamide (DAm) into a crosslinked thiol-ene network based on 
pentaerythritol triallyl ether (APE) and pentaerythritol tetra(3-mercaptopropionate) 
(PETMP) (Scheme 1).  The APE-PETMP composition was chosen due to its well-
behaved photopolymerization behavior and extensively characterized network properties.  
The purpose of this investigation was to evaluate the effect of the pendent catechol 
moiety, in the non-oxidized form, on photopolymerization kinetics and thermal, 
thermomechanical, and mechanical properties of the modified thiol-ene networks.  
Additionally, we examine the possibility of improved macroscopic adhesion 
53 
 
 
 
Scheme 4.  Synthetic route to catechol functionalized thiol-ene polymer networks by 
photopolymerization. 
 
of DAm-APE-PETMP coatings to a range of substrates – including glass, aluminum, 
steel, and marble – by systematically varying the amount of DAm in the network.  Model 
studies were also carried out for comparison by replacing DAm with 
phenethylacrylamide (PhEtAm) – an acrylamide structurally identical to DAm except for 
the removal of the 3,4-dihydroxy functionality to further elucidate the role of the catechol 
on thiol-ene network properties. 
Experimental 
Materials 
All reagents and solvents were obtained at the highest purity available from 
Aldrich Chemical Company and used without further purification unless otherwise 
specified.  Acrylic acid, acryloyl chloride, N,N-diisobutylethylamine (DIEA), sodium 
tetraborate decahydrate, 3,4-dihydroxyphenethylamine hydrochloride, 2,2-dimethoxy-2-
phenylacetophenone (DMPA), and pentaerythritol triallyl ether (APE) were obtained  
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Figure 12.  Chemical structures of the monomers and photoinitiator. 
 
from Sigma-Aldrich, sodium bicarbonate and magnesium sulfate were obtained from 
Fisher Scientific, and pentaerythritol tetra(3-mercaptopropionate) (PETMP) was obtained 
from Bruno Bock.  Acrylic anhydride,
77
 phenethyl acrylamide,
78
 and dopamine 
acrylamide
52
 were synthesized according to a previously reported procedures.  The 
details of the synthetic procedures can be found in the supporting information.  
Synthesis of ternary thiol-ene/dopamine acrylamide polymer networks  
APE-PETMP thiol-ene networks containing 0, 10, 25, and 50 mol % of DAm were 
synthesized from resins maintaining a 1:1 thiol:total alkene functional group 
stoichiometry.  DAm was weighed into a scintillation vial with 1 mol% photoinitiator 
(DMPA) and dissolved completely using the least amount of N,N-dimethylformamide 
(DMF) necessary.  For example, resins containing 50 mol% DAm required ca. 8 wt% 
DMF to achieve homogenous mixtures.  Once completely dissolved, the appropriate 
amounts of PETMP and APE monomers were added to the scintillation vial and mixed 
thoroughly.  The monomer mixture was transferred into various molds (e.g. DMA bars  
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and MTS-Tensile dog bones) and cured for 30 minutes under a medium pressure mercury 
UV lamp at an intensity of 16 mW/cm
2
. The samples were soaked in deionized water for 
12-14 hours to remove residual DMF and were subsequently dried in a vacuum oven at 
100 °C overnight or until a constant weight was achieved.  
Synthesis of acrylic anhydride  
Acrylic anhydride was synthesized according to a previously reported 
procedure.
77
  Diethyl ether (30 mL) and acrylic acid (3 mL, 0.044 mol) were added to a 
round bottom flask and purged with N2 gas while stirring.  N,N-diisobutylethylamine 
(DIEA) (7.62 mL, 0.044 mol) was slowly added to the stirring solution via syringe.  
Acryloyl chloride (3.74 mL, 0.046 mol) was added dropwise to the solution using a 
syringe pump.  A precipitate was formed and the reaction mixture was stirred for 30 min.  
The precipitate was removed using vacuum filtration and subsequently washed with 
diethyl ether.  The filtrate and washings were combined and concentrated using rotary 
evaporator to yield an orange oil.  The product was distilled using a Vigreaux column, 
yielding a colorless oil.  
1
H and 
13
C NMR spectra correspond with those which were 
reported in literature. 
Synthesis of phenethyl acrylamide.  
Phenethyl acrylamide (PhEtAm) was synthesized according to a previously 
reported procedure.
78
  A solution of phenethylamine (2.42 g, 0.020 mol) and 
dichloromethane (25 mL) was added to a round bottom flask and subsequently cooled to 
0 °C.  Triethylamine (2.12 g, 0.021 mol) was added to the solution followed by the 
dropwise addition of acrylic anhydride (1.90 g, 0.020 mol) in dichloromethane (5 mL).  
The solution stirred at 4 °C for 3 hours.  The solution was brought to room temperature 
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before being quenched using 1 M HCl (30 mL).  The organic layer was washed using 1 
M NaOH (30 mL), saturated NaCl (30 mL), and dried over MgSO4.  The resulting 
solution was concentrated using a rotary evaporator.  The solution was passed through a 
silica pad using a 6:1 solution of hexanes:ethyl acetate to remove any side products.  The 
product was dried under vacuum and the molecular structure was confirmed using proton 
and carbon NMR (Figures in Appendix B):  
1
H NMR (CDCl3, ppm):  7.49-7.07 (m, 5H, 
Aromatic), 6.28 (d, 1H, C=CH2 trans) 6.17-5.95 (m, 1H, CH=CH2), 5.81 (s, 1H, amide), 
5.63 (d, 1H, C=CH2 cis), 3.61 (q, 2H, CH2), 2.87 (t, 2H, CH2) 
13
C NMR (CDCl3, ppm): 
35.5, 40.7, 126.5, 126.6, 128.7, 128.8, 130.8, 138.9, 165.7. 
Synthesis of dopamine acrylamide (DAm) 
DAm was synthesized from a modified literature procedure.
52
  In a round bottom 
flask, sodium borate (10 g, 0.026 mol) and sodium bicarbonate (4 g, 0.048 mol) were 
added to 100 mL of deionized water.  The aqueous solution was degassed by bubbling 
nitrogen through the solution for 20 min.  Following the degassing, 3,4-
dihydroxyphenethylamine hydrochloride (5 g, 0.026 mol) was added to the stirring 
solution.  In a separate flask, acrylic anhydride (4.7 mL) was diluted in 20 mL of 
tetrahydrofuran (THF).  This solution was added dropwise to the round bottom flask 
containing the aqueous reaction solution.  The pH of the reaction was maintained at 8 or 
above by adding 1M NaOH.  The reaction was stirred for 14 h at room temperature with 
nitrogen bubbling through the solution.  A white slurry was formed and was washed 
twice using 50 mL of ethyl acetate. The resulting solid was removed using vacuum 
filtration.  The obtained aqueous solution was acidified to a pH of 2 using 6M HCl.  The 
aqueous solution was washed with 50 mL of ethyl acetate (3X).  The ethyl acetate was 
dried over MgSO4.  The MgSO4 was removed and the solution was concentrated to 
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approximately 25 mL using a rotary evaporator.  The concentrated solution was added 
dropwise to 250 mL of vigorously stirring hexane, where a brown precipitate was 
formed.  The product was dried overnight under vacuum.  The molecular structure was 
confirmed using proton and carbon NMR (Figures in Appendix B):  
1
H-NMR (DMSO, 
ppm): 2.56 (t, 2H), 3.27 (q, 2H), 5.58 (d, 1H), 5.97-6.76 (m, 2H alkene, 3H aromatic), 
8.17 (s, 1H), 8.80 (s, 2H) 
13
C-NMR (DMSO, ppm): 31.1, 34.9, 115.9, 116.5, 119.7, 
125.3, 130.7, 132.4, 143.9, 145.5, 165.1 
Film Preparation 
Monomer resins, prepared as previously mentioned, were drawn down to a 
thickness of 2 Mils onto aluminum Q-panels (A-36 with a smooth mill finish) and steel 
Q-panels (QD-36 with a smooth finish).  Aluminum substrates were used as received. 
Steel substrates were washed with acetone and wiped in a downward direction in order to 
remove any residual oils from the manufacturing process.  The glass substrates were 
cleaned using acetone and ethanol, and were then exposed to ozone in an UVO chamber 
to further remove organic impurities.  White polished venation marble was obtained from 
Lowe’s Home Improvement.  The marble was cleaned with water, ethanol, and dried 
under vacuum at 90 °C for 48 h.  The samples were subsequently cured using a UV 
Fusion Light Hammer 6 (10 passes at 13 ft/min) with a D bulb (685 mJ/cm
2
).  After 
curing, the samples were dried in a vacuum oven at 50 °C for 12-14 hours to remove 
residual DMF from the films. 
Characterization 
A Varian Mercury Plus 200MHz NMR spectrometer operating at a frequency of 
200.13 MHz with VNMR 6.1C software was used for structure analysis of acrylic 
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anhydride, phenethyl acrylamide, and dopamine acrylamide (DAm).  Kinetic data was 
obtained using real time FTIR (RT-FTIR) spectroscopy by determining the conversions 
of the thiol and alkene group functionalities.  The RT-FTIR studies were conducted using 
a Nicolet 8700 spectrometer with a KBr beam splitter and a MCT/A detector with a 320-
500 nm filtered ultraviolet light source.  Each sample was sandwiched between two NaCl 
plates (25 mm × 4 mm) and exposed to a UV light with an intensity of approximately 20 
mW/cm
2
.  A series of scans were recorded, where spectra were taken approximately 3 
scans/s with a resolution of 4 cm
-1
. Photo-DSC of the samples was obtained using a 
Perkin Elmer DSC 7 modified to measure heat flow of photoinitiated polymerizations.  
Samples were weighed into an aluminum DSC pan and placed into the sample holder 
without a lid, where the samples were held isothermally at 20°C under a 20 mL/min flow 
of nitrogen.  The samples were subsequently irradiated with UV light with an 
approximate intensity of 20 mW/cm
2
. Dynamic mechanical analysis (DMA) was 
performed using a TA Instruments Q800 dynamic mechanical analyzer in tension film 
mode equipped with a gas cooling accessory. Samples were clamped at a torque of 2 in-
lb. and the strain applied was 0.05%.  Samples were heated from -30 °C to 100 °C at a 
ramp rate of 2 °C/min.  Mechanical testing was performed using a MTS Insight
TM
 
material testing machine equipped with a 10 kN load cell and preset to collect 10 data 
points per second.  Dog bone samples with cross-sectional dimensions of 2.98 mm ± 0.07 
mm and 1.39 mm ± 0.12 mm (thickness and width) were carefully centered in clamps 
and deformed in tensile mode at a strain rate of 0.2 in/min.  Young’s modulus was 
determined from the initial linear elastic region of the stress-strain curve.  Strain at break  
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Figure 13.  FTIR spectra of the uncured DAm-APE-PETMP monomer resins.  The dotted 
line marks the position of the thiol peak at 2570 cm
-1
 and the dashed line marks the 
position of the alkene peak  at 930 cm
-1
. 
 
was determined concurrently during the tensile tests.  Thermogravimetric analysis (TGA) 
was performed using a TA Instruments Q50 thermogravimetric analyzer with a ceramic 
pan. Samples were held isothermally at 30 °C for five minutes and heated at 10 °C/min 
from 30 °C to 800 °C.  Pull-Test adhesion data was obtained using a PosiTest AT-M 
Adhesion Tester (DeFelsko Corp.) according to ASTM D-4541, where LOCTITE 2h 
marine epoxy adhesive was used to adhere aluminum dollies (diameter of 20 mm) to the 
surface of the film.  Cross-hatch adhesion was measured using a Cross-Cut Kit by 
Precision Gauge and Tool Company according to ASTM D-3359. 
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Figure 14.  FTIR spectra of the UV cured DAm-APE-PETMP polymer networks.  The 
dotted line marks the initial position of the OH band associated with the catechol peak at 
3332 cm
-1
 and the dashed line marks the initial position of the amide I peak 1672 cm
-1
. 
 
Results and Discussion 
Photopolymerization of ternary thiol-ene/dopamine acrylamide polymer networks 
Thiol-ene polymer networks containing varying concentrations of a 
monofunctional acrylamide with pendent catechol functionality were synthesized in 
order to investigate the effect of DAm concentration on reaction kinetics, thermal, 
thermomechanical and mechanical properties of the resulting ternary thiol-ene networks.  
A tetrafunctional thiol (PETMP) and a trifunctional alkene (APE) were used to study the 
structure property relationships of the thiol-ene networks with 0, 10, 25, and 50 mol % of 
dopamine acrylamide (DAm).  These ternary networks maintained a 1:1 stoichiometry of 
alkene:thiol  
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Figure 15.  Kinetic plots of conversions vs. time for the DAm-APE-PETMP polymer 
networks with different loading percentages of DAm: (a) 0 mol % DAm, (b) 10 mol % 
DAm, (c) 25 mol % DAm, and (d) 50 mol % DAm ( = thiol functionality □ = ene 
functionality). 
 
functional groups at all concentrations of DAm.  Additionally, a small quantity of DMF 
was used in the formulation of these resins to improve the solubility of the DAm in the 
monomers and photoinitiator (DMPA).  The structures of all materials are shown in 
Figure 12.   The resins were loaded into silicone molds and cured under ambient 
conditions using a medium pressure mercury UV lamp for 30 min at 16 mW/cm
2
.  The 
polymers were soaked in DI water to remove residual DMF, and were dried at elevated 
temperature under vacuum over a period of 12-14 hours. 
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Figure 16.  Photo-DSC plots of heat flow vs. time of the DAm-APE-PETMP polymer 
networks with varying concentrations of DAm (0-50 mol %). 
 
Photopolymerization Kinetics 
Since unprotected phenolic and catechol groups are known to be powerful 
inhibitors of free-radical reactions, these functional groups often require protection 
during radical polymerizations to achieve significant monomer conversions.
40
  However, 
it should be noted that are indeed several examples in literature that show precedent for 
the ability to obtain polymeric structures containing pendent phenols/catechols by radical 
polymerization in the unprotected form.
41,66
 As our current interest lies in the 
development of crosslinked thiol-ene polymer networks bearing pendent, unprotected 
catechol moieties, we first investigated the kinetics of the thiol-ene photopolymerizations 
containing DAm.  RT-FTIR was used to follow the polymerization kinetics of the ternary 
thiol-ene networks containing 0, 10, 25 and 50 mol% of DAm.  Monomer resins were 
sandwiched between two NaCl windows and exposed to UV light (20 mW/cm
2
) for 30 
min under an inert atmosphere.  Figure 13 shows the FTIR spectra for the DAm-APE-
PETMP resins prior to exposure to UV light.  Likewise, Figure 14 shows the FTIR 
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spectra of the UV cured DAm-APE-PETMP polymer networks; Figure 14 will be 
discussed in more detail as it relates to the thermomechanical properties of the networks 
(vide infra).  Functional group conversion values were determined by the change in peak 
area with time using peaks correlated to the thiol and alkene functionalities at 2570 cm
-1
 
and 930 cm
-1
, respectively.  Figure 15a shows the RT-FTIR results illustrating near 
quantitative thiol and alkene conversions (>99%) in the pristine APE-PETMP system.  
Incorporation of 10 mol% DAm resulted in a small decrease to 98% conversion, while 
maintaining stoichiometric consumption of thiol and alkene functional groups (Figure 
15b).  A further decrease in conversion was observed with increasing DAm 
concentration, where the DAm-APE-PETMP samples containing 25 and 50 mol % DAm 
resulted in conversion values of 92% and 83%, respectively, as shown in Figure 15c and 
15d.  While the presence of DAm did not prevent photopolymerization, the decrease in 
thiol and alkene conversion at higher DAm concentrations suggests that the catechol-
containing monomer exerts a retarding or inhibitory effect on the thiol-ene 
photopolymerization.  These results are consistent with previous studies by Lee et al.
66
 
regarding the synthesis of hydrogels via photopolymerization of polyethyleneglycol-
diacrylate with catechol-containing monomers – a system that also showed a decrease in 
conversion at higher catechol-containing monomer concentrations.  However, we should 
also note that a decrease in conversion was observed, albeit to a lesser degree, for the 
non-catechol acrylamide, phenethylacrylamide, suggesting that the acrylamide also 
contributes to decreased conversion (see Figure B.5).   Photopolymerization of the 
ternary DAm- 
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Figure 17.  Plots of (a) storage modulus vs. temperature and (b) tan δ vs. temperature of 
the DAm-APE-PETMP polymer networks with varying concentrations of DAm (0-50 
mol %). 
 
APE-PETMP resins was also investigated by photo-DSC.  In Figure 16, the photo-DSC 
polymerization profiles show a decrease in the peak exotherm maximum (ΔHmax) 
produced during the reaction upon the incorporation of higher concentrations of DAm.  
The pristine system (APE-PETMP) yields a ΔHmax value of 258 J/g and gradually 
decreases to 176 J/g in samples containing 50 mol% DAm. The decrease in ΔHmax values 
correlates with the RT-FTIR conversion data, where a decrease in heat produced in the  
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Figure 18.  Plots of (a) storage modulus vs. temperature and (b) tan δ vs. temperature of 
the PhEAm-APE-PETMP polymer networks with varying concentrations of PhEAm (0-
50 mol %). 
 
reaction results from lower functional group conversion in the polymer network due to 
the presence of the unprotected catechol. 
Thermomechanical and Mechanical Properties 
The thermomechanical properties of the ternary thiol-ene polymer networks were 
investigated using DMA, where the thermal transitions were determined in tension film 
mode at a rate of 2 °C/min.  The Tg was determined from the peak maximum of the tan δ 
curve, where tan δ is defined as the ratio of the loss (E”) and storage (E’) moduli.  Tan δ 
is a damping term that relates the dissipation of energy in relation to the energy stored of 
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a material upon periodic deformation.  A summary of thermomechanical properties is 
given in Table 1.  Figure 17a shows the temperature dependence of the storage modulus 
for the DAm-APE-PETMP networks.  As shown, the sub-Tg storage modulus increases 
as a function of increasing concentration of DAm in the network.  The rubbery storage 
modulus, however, decreases with increasing concentration of DAm – a behavior that is 
likely dictated by a decrease in crosslink density upon greater incorporation of the 
monofunctional acrylamide into network structure.  For the purpose of comparison, the 
crosslink density (ρx) of the polymer networks was estimated from the rubbery plateau 
storage modulus at Tg + 40 °C according to the theory of rubber elasticity
79
 , 
γ)RT(Ex  12  
where E´ is the rubbery storage modulus at temperature T, R is the gas constant, and γ is 
Poisson’s ratio which is assumed to be 0.5 for incompressible networks.  px values, as 
shown in Table 2 indeed decrease with increasing DAm concentration.  The decrease in 
conversion with increasing DAm concentration, as previously discussed, also likely 
contributes to the trends observed in the rubbery plateau regime.  Figure 17b shows the 
tan δ curves for the ternary DAm-APE-PETMP networks with increasing concentration 
of DAm.  The network containing 0 mol% DAm exhibits a narrow glass transition 
temperature at 15.6 °C, which is typical of the APE-PETMP thiol-ene system.  
Interestingly, the Tg of the ternary DAm-APE-PETMP networks systematically increases 
with increasing DAm concentration up to 25 mol% DAm, where the Tg was measured at 
35.7 °C for the DAm25-APE75-PETMP network.  Increasing the DAm to 50 mol% 
showed no significant effect on the peak maximum of the Tg, but resulted in a broader  
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Table 2 
 
Thermomechanical properties of the DAm-APE-PETMP (catechol) and PhEAm-APE-
PETMP (non-catechol) networks. 
DAm-APE-PETMP 
(ene ratio) 
Conv. 
(%) 
Tg 
(°C) 
fwhm  
(°C)
a
 
E´Rub, 
Tg+40 
(MPa) 
ρx 
(× 10
-3
 mol cm
-3
)
b
 
0:100 >99 15.6 9.7 20.4 2.49 
10:90 98 24.6 11.4 16.7 1.98 
25:75 92 35.7 12.8 11.6 1.33 
50:50 83 36.1 17.5 3.30 0.379 
PhEAm-APE-
PETMP (ene ratio) 
  
   
0:100 >99 15.6 9.7 20.4 2.49 
10:90 >99 11.1 10.9 15.4 1.90 
25:75 98 9.1 11.6 12.0 1.49 
50:50 93 8.9 13.5 4.83 0.601 
 
afwhm obtained from the tan δ curves; bcrosslink density (ρx); 
thermal transition and a greater damping behavior as shown by the tan δ curve for 
DAm50-APE50-PETMP in Figure 17a.  The increase in Tg of the DAm-APE-PETMP 
ternary networks can be attributed to hydrogen bonding between the pendent catechol 
moieties and various proton acceptors, including ethers, amides, and esters, present 
within the ternary network.  Although spectral overlap from the APE component 
complicates the analysis, FTIR of the cured DAm-APE-PETMP networks shows 
evidence to support the presence of increased hydrogen bonding with increasing DAm 
concentration indicated by shifts to lower wavenumbers in bands associated with the 
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amide and hydroxyl functional groups.
80,81
  As shown in Figure 14, the amide I peak 
observed at 1672 cm
-1
 for DAm10-APE90-PETMP shifts to 1665 cm
-1
 and 1662 cm
-1
 for 
the DAm25-APE75-PETMP and DAm50-APE50-PETMP networks, respectively.  
Additionally, the peak of the broad O–H band from the catechol observed at 3332 cm-1 
for DAm10-APE90-PETMP shifts to 3305 cm
-1
 and 3288 cm
-1
 for the DAm25-APE75-
PETMP and DAm50-APE50-PETMP networks, respectively.  A peak was also observed at 
approximately 3080 cm
-1
 that correlates to the overtone of the amide II linkage, further 
indicating the presence of hydrogen bonding within the polymer network.  
 To further elucidate how the catechol moiety influences the thermomechanical 
properties of the ternary networks, we synthesized phenethylacrylamide – a monomer 
structurally similar to DAm, but without the dihydroxy functionality.  While hydrogen 
bonding may still occur due to the presence of the amide linkages in the PhEAm 
structure, this strategy effectively removes any influence of the catechol, as a hydrogen 
bonding donor, on network properties.  Following identical preparation protocols, ternary 
PhEAm-APE-PETMP networks containing 0, 10, 25, and 50 mol% PhEAm were 
synthesized via photopolymerization.  As shown in Figure 18a, the incorporation of 
PhEAm affects the storage modulus in a similar manner as previously described for 
DAm, where increasing PhEAm concentration increases the sub-Tg storage modulus, and 
likewise, decreases the rubbery storage modulus.  The decrease in the rubbery storage 
modulus can again be attributed to a decrease in crosslink density resulting from the 
incorporation of a monofunctional monomer in the network.  However, in contrast to the 
DAm-APE-PETMP networks, the Tg of the PhEAm-APE-PETMP materials decreased 
with increasing PhEAm concentration – from 15.6 °C for PhEAm0-APE100-PETMP to 
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8.9 °C for PhEtAm50-APE50-PETMP – as shown by the tan δ curves in Figure 18b.  
Incorporating an acrylamide with greater structural deviation from DAm, for example N-
(butoxymethyl) acrylamide (NBMAm), introduces a flexible butylether moiety capable 
of hydrogen bonding with amide/ester carbonyls, while eliminating the phenyl ring and 
possible π-π interactions within the network. As shown in Figure B.10, NBMAm resulted 
in more significant decreases in the Tg of the NBMAm-APE-PETMP networks as a 
function of increasing NBMAm concentration (Tg decreased to -8.0 °C at 50 mol% 
NBMAm).  The results from these control studies confirm that hydrogen bonding 
between the catechol moieties and hydrogen bonding acceptors (ethers, amides, esters) 
greatly influence the Tg by acting as physical crosslinks within the DAm-APE-PETMP 
network.  
The mechanical properties of the DAm-APE-PETMP networks were investigated 
using tensile tests, where stress-strain data was used to develop structure-property 
relationships of the networks as a function of DAm concentration.  Ternary DAm-APE-
PETMP samples, prepared as previously described, were cured in dog-bone molds using 
UV irradiation.  The samples were subjected to a strain rate of 0.2 in/min to obtain the 
stress vs. strain plots shown in Figure 19a.   
 An initial Young’s modulus of 2.54 ± 0.091 MPa was observed for the pristine 
APE-PETMP.  A significant increase in Young’s modulus to 20.4 ± 3.35 MPa was 
observed upon the incorporation of 10 mol% DAm in the DAm-APE-PETMP network.  
Increasing the DAm concentration further resulted in a gradual decrease in Young’s 
modulus to 9.91 ± 0.02 MPa and 4.25 ± 0.53 MPa for networks containing 25 mol% 
DAm and 50 mol% DAm, respectively (Figure 19b).  The peak in Young’s modulus at 10  
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Figure 19.  Mechanical testing data: (a) stress vs. strain plots of the DAm-APE-PETMP 
polymer networks with varying concentrations of DAm: neat APE-PETMP (□), 10 mol 
% DAm (○), 25 mol % DAm (), and 50 mol % DAm () and (b) modulus (■) and 
strain at break (○) as a function of dopamine acrylamide loading percentage. 
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Figure 20. Degradation profiles and derivatives (inset plot) of DAm-APE-PETMP. 
 
mol% DAm reflects the interplay that exists between competing network design 
parameters, including the catechol hydrogen bonding interactions and the decrease in 
crosslink density derived from the use of a monofunctional acrylamide – both of which 
simultaneously influence network properties.  As shown, the lowered crosslink density 
dominates mechanical modulus behavior despite the high concentration of catechol 
providing increased hydrogen bonding interactions as previously discussed.  A systematic 
increase in the strain at break (Figure 19b) was observed as the concentration of DAm 
was increased, from 3.06% for DAm0-APE100-PETMP to 73.85% for DAm50-APE50-
PETMP, indicating a tougher material was achieved at higher concentration of DAm.  
The increase in toughness is due to the polymer chain’s ability to rearrange upon 
deformation due to the decrease in the crosslink density of the network as higher 
concentrations of monofunctional DAm monomer is incorporated into the network 
structure. 
 
72 
 
 
Thermal Properties 
Thermogravimetric analysis was used to characterize the thermal stability of the 
ternary DAm-APE-PETMP networks.  Samples were subjected to a 10 °C/min ramp rate 
from 30 °C to 800 °C under a nitrogen atmosphere.  Figure 20 shows the TGA 
thermograms for the ternary DAm-APE-PETMP networks as a function of an increasing 
concentration of DAm.  As illustrated by the 5% weight loss values (Td5%), the onset of 
thermal degradation depends on the concentration of DAm in the network, where the 
highest Td5%, at 345.8 °C, was observed for the unmodified APE-PETMP network.  
DAm-APE-PETMP networks containing 10, 25, and 50 mol% DMA respectively showed 
Td5% values at 339.7 °C, 323.7 °C, and 290.7 °C.  The decrease in early onset of thermal 
degradation may be related to monomer conversion, where lower conversions observed 
as the DAm concentration increases leaves unreacted monomer functional groups present 
in the network that more easily undergo degradation processes. Char yields quantified at 
800 °C increased from 3.4% in the pristine APE-PETMP system to 23.7% in the DAm50-
APE50-PETMP system due to the increase in aromatic content from the catechol species 
in the DAm monomer. 
Adhesive Properties 
Many factors influence the adhesion properties of films and coatings, including 
substrate type, surface preparation (rough vs. smooth), cure conditions (humidity, 
temperature, etc), composition, and viscoelastic behavior.  Here, we wanted to explore 
the effect of catechol concentration on adhesion performance of thiol-ene films to a range 
of substrates possessing different chemical compositions.  Admittedly, it is difficult to 
isolate the adhesion behavior based solely on catechol concentration within the network, 
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as the viscoelastic properties of the DAm-APE-PETMP materials change simultaneously 
with catechol concentration. 
Table 3 
 
Pull-off and cross-hatch adhesion results for the DAm-APE-PETMP polymer networks 
on various substrates.    
Pull-Off Adhesion (MPa) 
DAm:APE (ene ratio) Glass Al Steel Marble 
0:100 6.51±0.74 0.87±0.05 0.74±0.05 2.65±0.39
a
 
10:90 11.29±2.61 0.89±0.12 1.11±0.22 2.41±0.28
a
 
25:75 11.75±1.15
a
 1.27±0.23 1.41±0.32 3.32±0.22
a
 
50:50 14.89±2.04
a
 1.40±0.09
b
  2.23±0.46
b
 2.26±0.34
a
 
Crosshatch Adhesion 
0:100 0B 0B 0B 0B 
10:90 1B 1B 0B 2B 
25:75 4B 3B 5B 4B 
50:50 4B 4B 5B 4B 
 
aSubstrate failed during pull-test while the adhesive bond remained intact. bMixed mode failure (partial adhesive/cohesive) 
 
Nonetheless, to explore the effect of catechol concentration on adhesion,  DAm-
APE PETMP films were drawn down at a thickness of 2 Mils (50 μm) and cured as 
previously described onto glass, aluminum, steel, and marble substrates.  For simplicity, 
no special substrate preparation (i.e. roughening) was employed beyond removing 
organic contaminants from the surfaces.   
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Figure 21.  Adhesion strength of the DAm-APE-PETMP films as a function of DAm 
content ((■) Glass; (●) Aluminum; (▲) Steel). 
  
 
Figure 22.  Photos of the (a) cross-hatch and (b) pull-off adhesion tests of DAm-APE-
PETMP films on aluminum substrates. 
 
Pull-off adhesion and cross-hatch adhesion tests were used to measure the 
adhesive properties of the DAm-APE-PETMP films on the various substrates.  The pull- 
off adhesion test is a quantitative measurement, where the normal force required to pull a 
sample from a substrate is determined; whereas the cross-hatch adhesion test is a more 
qualitative measurement, where a grid is etched into the film and tape is used to remove 
the film from the grid.  The adhesive properties of the materials from the cross-hatch test 
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are graded on a scale of 5B to 0B based on the approximate percentage of film removed 
by the tape.  A sample classified as 5B can be described as a lattice where the edges of 
the cut films remain completely smooth and intact.  Classes 4B – 1B describe the degree 
in which the film has been removed from the lattice, where less than 5% of the film is 
removed in 4B a sample described as 1B has 35 – 65% of the film removed from the 
lattice.  If greater than 65% of the film has flaked or delaminated from the substrate, it is 
classified as 0B. 
 The results from both adhesion tests are summarized in Table 3.  The cross-hatch 
adhesion tests of the DAm-APE-PETMP films yielded similar results on glass substrates 
and aluminum Q-panels, where the unmodified DAm0-APE100-PETMP and the DAm10-
APE90-PETMP film were classified as 0B and 1B, respectively.  On both substrates, the 
entire DAm0-APE100-PETMP film was completely removed from the surface of the 
substrate upon tape removal (see photos for aluminum in Figure 22a; photos for other 
substrates are given in Appendix B).  The adhesive properties improved significantly in 
the DAm50-APE50-PETMP samples for both the glass and aluminum substrates (4B), 
where the tape removed only small portions of the film at the edges of the test lattice.  On 
steel substrates, both DAm0-APE100-PETMP and the DAm10-APE90-PETMP films were 
entirely removed from the surface of the substrate and classified as 0B.  With increased 
DAm content, the adhesive properties of the DAm25-APE75-PETMP and DAm50-APE50-
PETMP films improved to 5B, where absolutely no film was removed from the surface 
of the steel substrate.  Cross-hatch adhesion improved from 0B for DAm0-APE100-
PETMP to 4B for DAm50-APE50-PETMP on marble substrates.   In the pull-off adhesion 
test, aluminum dollies (d = 20mm) were adhered to the surface of the film using 
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LOCTITE 2h Marine Epoxy.  The epoxy was allowed to set at 45 °C for 24 h before the 
adhesion test was performed.  As shown in Figure 21, the force required to remove the 
DAm-APE-PETMP films from the surface of the aluminum substrate systematically 
increased with increased DAm concentration.  DAm0-APE100-PETMP required 
0.87±0.05 MPa to pull the film from the surface of the aluminum panel, whereas films 
containing 10, 25, and 50 mol% DMa required a pull-off force of 0.89±0.12 MPa, 
1.27±0.23 MPa, and 1.40±0.09 MPa, respectively, to detach the film from the substrate.  
Similar results were observed on steel substrates, where an increase in adhesion was 
observed as a function of the concentration of DAm.  Further, we should note that for 
aluminum and steel substrates, lower concentrations (0, 10, and 25 mol %) of DAm 
resulted in adhesive failure, meaning the films were completely removed from the 
surfaces of the substrate; whereas, at 50 mol% DAm, the films failed cohesively (see 
photo in Figure 22b).  The highest pull-off force and thus greatest adhesion was observed 
for DAm-APE-PETMP films on the glass substrates, where the unmodified DAm0-
APE100-PETMP and DAm10-APE90-PETMP adhesively failed at 6.51±0.74 MPa and 
11.3±2.61 MPa, respectively.  Pull-off adhesion tests for DAm25-APE75-PETMP and 
DAm50-APE50-PETMP resulted in failure of the glass substrates (i.e., plugs of glass were 
removed with the adhesive bond intact) illustrating strong adhesion of the films to the 
glass substrate.  The effect of DAm on the pull-off adhesion on marble substrates was 
inconclusive as the marble substrate failed for all DAm-APE-PETMP compositions 
(Figure in Appendix B); however, the adhesive bond stayed intact in each case 
illustrating excellent adhesion performance. To further elucidate whether improved 
adhesion occurs as a result of the catechol functionalities in the DAm-APE-PETMP 
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networks, pull adhesion studies using the non-catechol containing PhEAm were carried 
out.  The pull strength values for the PhEAm-APE-PETMP ternary thiol-ene networks 
were not significantly affected by the concentration of the PhEAm moiety on the 
aluminum (0.73±0.09 MPa) and steel (0.69±0.07 MPa) substrates remaining 
approximately the same over all concentrations (Table in Appendix B).   
Conclusions 
We have synthesized bioinspired thiol-ene polymer networks via 
photopolymerization of a ternary monomer resin including dopamine acrylamide - a 
monofunctional acrylamide with a catechol pendant group. Networks were synthesized to 
incorporate varying concentrations of DAm, and the effect of DAm on polymerization 
kinetics, thermal, thermomechanical, and mechanical properties were elucidated.  
Increasing the concentration of DAm in the thiol-ene network resulted in an overall 
decrease in conversion likely due to inhibitory effects of the catechol; nevertheless, the 
polymerizations maintained a 1:1 stoichiometry between the thiol and –ene 
functionalities.  A decrease in the onset of thermal degradation with increasing DAm 
concentration was observed due to the decrease in monomer conversion and increased 
fraction of monofunctional monomer constituent in the network.  However, the increase 
in DAm resulted in higher char yields due to the increase aromatic content in the 
network.  The presence of the catechol moiety significantly increases the glass transition 
temperature of the networks across the compositional range (0 – 50 mol% DAm) due to 
hydrogen bonding interactions between the catechol and various hydrogen bonding 
acceptors (ethers, amides, esters) within the network, despite an obvious decrease in 
crosslink density with increasing concentration of the monofunctional acrylamide as 
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evidenced by DMA.  Similarly, trends in the mechanical properties of the DAm-APE-
PETMP networks, such as Young’s modulus peaking at 10 mol% DAm and a systematic 
increase in strain at break with increasing DAm content, reflect the interplay that exists 
between competing network design parameters, including the catechol hydrogen bonding 
interactions and the decrease in crosslink density derived from the use of a 
monofunctional acrylamide – both of which simultaneously influence network 
properties.  Lastly, we have shown improved macroscopic adhesion of DAm-APE-
PETMP coatings to a range of substrates – including glass, aluminum, steel, and marble – 
by systematically varying the amount of DAm in the network.  The results from cross-
hatch adhesion and adhesion pull-tests indicate an enhancement of the interaction 
between the catechol-modified thiol-ene material and the substrate surfaces.  Although 
the DAm-APE-PETMP composition was chosen as a model system to develop structure-
property relationships, the same strategy can be applied to other thiol-ene formulations 
that may lead to photocurable hydrogels, sealants, and adhesives with simple synthetic 
protocols and improved adhesive interactions for a variety of applications.   
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CHAPTER V 
PHOTOPOLYMERIZATION OF THIOL-ENE/GRAPHENE BASED 
NANOCOMPOSITES 
Introduction 
Graphene is a two-dimensional sp2 hybridized carbon based nanomaterial that 
exhibits exemplary physical properties including high thermal conductivity, electrical 
conductivity, and mechanical properties.
1-6
  Defect free graphene is formed via chemical 
vapor deposition, micromechanical exfoliation of graphite, or grown on crystalline 
silicon carbide.
5
  These processes, however, are not viable for the large scale production 
of graphene materials.  Graphene oxide, which can be prepared in large quantities via 
chemical oxidation of graphite using oxidizing reagents and strong acids,
4,7
 is a 
honeycomb lattice similar to graphene with various defects, including voids and oxygen 
functionalities (i.e. hydroxyl, epoxy, carbonyl, etc.) on the surface and edges of the 
sheet.
8,9
  These functionalities render the material water soluble and ultimately alter the 
electrical properties by transforming the graphene oxide into an insulator.  However, 
thermal treatment of the graphene oxide can result in a change in the surface 
functionality of the graphene materials through the removal of many of the oxygen 
related functionalities.
9,10
  
Recently, the use of graphene materials as fillers to improve the physical and 
thermal properties of materials has become of interest because of graphene’s robust 
mechanical strength.  Graphene materials have been used as reinforcing agents in a 
variety of polymer matrices,
11-16
 including poly(styrene) (PS),
17-19
 poly(vinyl alcohol) 
(PVA),
20-22
 and epoxy networks,
23-28
 resulting in favorable improvements in their 
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mechanical and thermomechanical properties.  Martin-Gallego et al.
25
 have utilized 
graphene oxide to improve the mechanical properties of acid-initiated photopolymerized 
crosslinked epoxy networks.  An increase in both the glass transition temperatures and 
the storage modulus values was observed with increasing concentration of graphene.  
These thermomechanical improvements were attributed to a constraint effect of the 
graphene sheets on the mobility of the polymer chains, resulting in a more rigid network.   
UV curable, radical-mediated thiol-ene crosslinked networks are formed during a 
step-growth process that is facilitated by the rapid and efficient chain transfer of 
multifunctional thiol and multifunctional alkene monomers.
29
  Because of the chain 
transfer process, thiol-ene polymerization proceeds uninhibited by the presence of 
oxygen, resulting in near-perfect network structures with well-defined physical and 
mechanical properties.  Additionally, the gel point of these networks is reached only at 
relatively high functional group conversions, resulting in reduced shrinkage and stress.
30
  
Thiol-ene networks are characterized by narrow-ranged glass transition temperatures 
(Tg); typically occurring over 15 °C – 20 °C (where Tg ranges for typical methacrylate 
based networks can be up to 100 °C).  The judicious choice of available monomers 
provides a venue to tailor the thermal and mechanical properties.  Unfortunately, 
crosslinked thiol-ene networks are not characterized as having high glass transition 
temperatures or high moduli because of the flexible sulfide bonds throughout the 
polymer network.  In an effort to improve the thermomechanical and physical properties 
of these materials, various additives, such as functional or inorganic monomers,
31-34
 have 
been integrated into the polymer networks resulting in more mechanically robust 
materials with higher Tg.  In addition to the functional and inorganic modification, 
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nanomaterials, such as gold
35
 or silica
36,37
 based nanoparticles and organoclays,
38-40
 have 
been incorporated into thiol-ene materials resulting in a more reinforced polymer 
networks with improved thermal and mechanical properties.  Sangermano and coworkers 
reported the enhancement of both thermomechanical and thermal degradation properties 
of thiol-ene networks upon the inclusion of inorganic silica based materials.
41
  The 
improved properties have been attributed to the favorable interfacial interaction between 
the inorganic domains and the polymer matrix.   
 Herein we report the effect of incorporating low loading percentages of graphene 
materials (graphene oxide and thermally reduced graphene oxide) on the physical and 
thermomechanical properties of three thiol-ene resin systems.  Graphene oxide or 
reduced graphene oxide (0, 0.01, 0.05, 0.1, and 0.5 wt. %) was mixed thoroughly into 
three thiol-ene resin systems and cured under UV radiation.  We expect that the graphene 
oxide materials will influence the physical properties of the thiol-ene networks as a 
function of their concentration and interaction with the polymer network.  Good filler 
dispersion and matrix/filler interaction could result in enhanced thermomechanical and 
mechanical properties, while poor dispersion and matrix/filler interaction could lead to a 
null or detrimental effect on these properties.  The polymerization kinetics were 
monitored using real-time FTIR (RT-FTIR), where the conversion of both thiol and 
alkene functionalities can be determined by the change in the area under their 
corresponding IR peaks with respect to time.  The thermomechanical properties of the 
graphene filled thiol-ene materials were measured using dynamic mechanical analysis 
(DMA), where the glass transition temperature was determined by the peak maximum in 
the tan delta vs.  
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Figure 23.  Thiols (PETMP and TMPMP), alkenes (TTT and APE), and the 
photoinitiator (DMPA). 
 
temperature curves.  The mechanical properties of the materials were measured using 
MTS Tensile.  The thermal degradation properties of the network were measured using 
thermogravimetric analysis (TGA), where the onset of degradation and char yield were 
related to relative thermal stability of the networks.   
Experimental 
Materials 
All reagents and solvents were obtained at the highest purity available and used 
without further purification unless otherwise specified.  Potassium permanganate 
(KMnO4), graphite, pentaerythritol triallyl ether (APE), 2,2-dimethoxy-2-
phenylacetophenone (DMPA) and 2,2,6,6,-tetramethyl-1-piperidinyloxy (TEMPO) were 
obtained from Sigma-Aldrich and triallyl isocyanurate (TTT) was obtained from TCI 
America.  Pentaerythritol tetra(3-mercaptopropionate) (PETMP) and trimethylolpropane 
tris(3-mercaptopropionate) (TMPMP) were donations from Bruno Bock. 
Characterization   
FTIR spectra were obtained using a Nicolet 8700 spectrometer with a KBr beam 
splitter and a MCT/A detector, and a 320 – 500 nm filtered ultraviolet light source was 
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attached to obtain kinetic data.  Spectra were obtained by sandwiching samples between 
two NaCl plates (25 mm × 4 mm) and irradiated by UV light with an intensity of 65 
mW/cm
2
.  Graphene based materials were grinded into a fine powder and mixed with 
FTIR grade KBr.  The mixture is subjected to ~7000 psi for 60 sec, resulting in a pellet 
suitable for FTIR.  Wide angle X-ray diffraction (WAXD) measurements were conducted 
at room temperature with a Rigaku Ultima III X-ray spectrometer operating in reflection 
mode using nicked filtered CuKα radiation (wavelength 1.542 Å).  Powder samples were 
scanned within scattering angle 2θ from 2 – 60 with steps of 0.2 2θ at a rate of 0.5 
min/step.  Atomic force microscopy (AFM) images were collected with a Bruker 
Dimension Icon operating in Peak Force Nanomechanical mode using Bruker 
ScanAsyst-Air probes (silicon tip; silicon nitride cantilever, spring constant: 0.4 N/m). 
Thermogravimetric analysis was performed using a TA Instruments Q50 
thermogravimetric analyzer with a ceramic pan.  The samples were held isothermally at 
25 °C for three minutes and heated from 25 °C to 800 °C with a ramp rate of 10 °C/min.  
Dynamic mechanical analysis (DMA) was performed using a TA instruments Q800 
dynamic mechanical analyzer in tension film mode equipped with a gas cooling 
accessory.  The samples were clamped with a torque of 2 in-lb.  A strain of 0.05% was 
applied as the samples were heated from -50 °C to 100 °C for the TTT-TMPMP and 
APE-PETMP samples, -30 °C to 150 °C for TTT-PETMP samples.  Mechanical testing 
was performed using a MTS Insight™ material testing machine equipped with a 10 kN 
load cell and preset to collect 10 data points per second.  Dog bone samples with cross-
sectional dimensions of 0.24 ± 0.04 mm and 4.75 ± 0.3 mm (thickness and width) were 
carefully centered in clamps and deformed in tensile mode at a strain rate of 0.2 in/min.  
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Young’s modulus was determined from the initial linear elastic region of the stress-strain 
curve.  Strain at break was determined concurrently during the tensile tests. 
Preparation of Graphene Oxide 
Graphene oxide (GO) was prepared using a modified literature procedure.
42
  A 
9:1 mixture of concentrated H2SO4 and H3PO4 (360:40 mL) was added to a mixture of 
graphite (3.0 g, 1 equiv.) and KMnO4 (18.0 g, 6 equiv.).  The reaction was stirred and 
heated to 50 °C for 12 hours.  The reaction was allowed to cool to room temperature 
before it was poured onto ice (400 mL) with 30% H2O2 (3 mL).  The resulting mixture 
was sifted through a sieve (U.S. Standard testing sieve 300 μm).  The resulting mixture 
was centrifuged and the supernatant was decanted away to isolate the filtrate that was 
washed in succession with DI H20, a 30% HCl solution, and ethanol.  The remaining 
material was coagulated using diethyl ether and isolated using vacuum filtration and 
dried at 30-40 °C under vacuum.  Reduced graphene oxide (r-GO) was prepared by 
thermal exfoliating GO at 290 °C for 5 min.
10
 
Preparation of Graphene filled Thiol-Ene Networks 
Thiol-ene networks (APE-PETMP, TTT-PETMP, and TTT-TMPMP) containing 
2 wt% photoinitiator (DMPA) (Figure 23) and 0.5 wt % TEMPO were loaded with 0.01, 
0.05, 0.1, and 0.5 weight % of GO or r-GO and cured 30 min under UV irradiation.  
Thorough dispersion of GO/r-GO was achieved by first homogenizing the thiol monomer 
with the GO/r-GO for 1.5 h, followed by 15 min. of ultrasonication.  The alkene portion 
was prepared separately, by dissolving photoinitiator and TEMPO in the alkene 
monomer. Following sonication, the thiol and alkene components were mixed thoroughly 
and sonicated again to remove bubbles.  Films were prepared by wicking the resin 
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mixture between two glass slides (cleaned with acetone and ethanol before being treated 
with Rain-X
©
 to improve film separation) with Teflon spacers and cured under a UV 
lamp at approximately 65 mW/cm
2
.  The films were subsequently heated to 
approximately 100 °C to ensure maximum conversion. 
Results and Discussion 
Graphene Materials Synthesis.   
The graphene materials were synthesized using the improved Hummer’s 
method,
42
 where graphite flakes are oxidized to graphene oxide.  Graphite and KMnO4 
were stirred at 50 °C in a 9:1 mixture of sulfuric and phosphoric acid for 12 hours.  Once 
cooled to room temperature, the graphite mixture was poured over ice containing a low 
concentration of hydrogen peroxide.  The resulting mixture was sifted through a 300 μm 
U.S. Standard sieve and subsequently washed with DI H2O, 30% HCl solution, and 
ethanol before being coagulated in diethyl ether.  The graphene oxide was filtered from 
the diethyl ether and dried under vacuum for 24 hours.  
The graphene oxide was characterized using various methods, including atomic force 
microscopy, Raman and FTIR spectroscopy, and wide angle X-ray diffraction.  Figure 
24a shows a height image of graphene oxide obtained using AFM where a thickness of 
approximately 1 nm was observed for a single graphene oxide sheet.  The measured 
thickness compares well with previously reported values.
10
  The d-spacing, or interplanar 
distance, of the graphene materials were characterized using WAXD, and determined 
according to Bragg’s Equation:   
nλ = 2dsinθ 
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Figure 24.  Characterization of graphene materials: a) AFM height image of GO, b) wide 
angle x-ray diffraction, c) Raman spectroscopy, and d) FTIR spectroscopy. 
 
where n is an integer, λ is the wavelength, d is the d-spacing, and θ is the angle of 
diffraction.  Figure 24b shows a diffraction peak at 9.4° characteristic for graphene 
oxide,
10
 from which an interplanar distance of 9.4 Å was calculated for the GO samples. 
Upon thermal reduction, the peak corresponding to GO decreased and a new peak formed 
at 23.6° with an interplanar distance of 3.8 Å.  The observed decrease in d-spacing is a 
result of the removal of various oxygen functionalities from the basal plane of GO, 
enabling the graphene sheets to be more closely packed.  The chemical composition of 
the graphene oxide and reduced graphene oxide was characterized using both Raman and 
FTIR spectroscopy as shown in Figures 24c and 24d, respectively.  Raman spectra of 
both GO and r-GO exhibited a G-band at 1585 cm
-1
, representative of the bond stretching 
93 
 
of all pairs of sp
2
 hybridized carbons, and an overtone G’-band at ~2800 cm-1 – both 
bands are typical of graphene materials.
10,43
  The D-band is also present at 1361 cm
-1
, 
representative of the breathing modes of the sp
2
 carbons in rings, with an overtone D’-
band observed at ~3248 cm
-1
.  One of the distinct differences between GO and r-GO is 
the presence of oxygen related functionalities (e.g. hydroxyl, carbonyl, carboxylic acid, 
epoxy, etc.) present on surface of GO.  These functionalities can be observed using FTIR, 
where the samples were prepared in KBr pellets.  Broad stretches at 3429 cm
-1
 are 
indicative of –OH functionality, a strong band at1741 cm-1 is attributed to the carbonyl 
moiety, the peak at 1627 cm
-1
 is indicative of the presence of absorbed water and 
vibrations of unoxidized graphitic domains.  The bands at 1220 cm
-1
 and at 1054 cm
-1
 are 
attributed to C-OH and epoxy functionalities, respectively.  The thermal exfoliation of 
GO, which results in the formation of r-GO, removes a large fraction of oxygen 
containing functionalities.
10
  
Graphene Filled Thiol-Ene Photopolymerization. 
Thiol-ene resins were filled with varying percentages (0, 0.01, 0.05, 0.1, and 0.5 
wt. %) of graphene materials (GO and r-GO).  The graphene materials were dispersed 
within the liquid thiol-ene resins in the absence of solvent.  The graphene materials were 
thoroughly mixed into the thiol monomer using a homogenizer (~30,000 rpm) for 1.5 h, 
followed by 15 min of ultrasonication.  Initiators, DMPA and TEMPO, were mixed into 
alkene monomers before being added to thiol monomers containing the graphene 
additive.  The thiol and alkene monomers were prepared separately due to the 
spontaneous polymerization of the thiol-ene network during homogenization of the 
graphene materials.  TEMPO was added to the mixtures to inhibit premature 
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polymerization.  The thiol-ene resin was mixed using vortex mixing and bubbles were 
removed via ultrasonication.  Teflon stencils in the shapes of DMA bars and dog-bone 
samples were sandwiched between two glass slides.  The glass slides were cleaned with 
acetone and ethanol, and were coated with Rain-X
©
 to prevent the samples from sticking 
to the glass.  The resin was wicked between the two glass slides and subsequently cured 
under a medium pressure UV lamp for 30 min at an intensity of approximately 65 
mW/cm
2
 followed by a thermal post-cure for 12-14 hours at approximately 90 °C.   
Photopolymerization Kinetics.   
Polymerization kinetics during network formation were measured using real-time 
FTIR techniques where the conversion of thiol and alkene functionalities were 
determined by measuring the change in the area under the corresponding thiol and alkene 
peaks at 2570 cm
-1
 and 3080 cm
-1
, respectively.  The polymerization kinetics were not 
significantly affected by the presence of the graphene materials in the resin.  The thiol 
and alkene functionality conversion vs. time plots for the GO-TTT-TMPMP system are 
shown in Figure 25.  TEMPO, a nitroxy based radical scavenger, was incorporated into 
the formulation in order to deter spontaneous polymerization events from occurring 
before UV exposure.  Similar results were observed with other thiol-ene systems (Figures 
in Appendix C). 
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Figure 25.  Polymerization kinetics conversion vs. time plots of TTT-TMPMP with (a) 0, 
(b) 0.01, (c) 0.05, (d) 0.1, and (e) 0.5 wt. % GO (red = thiol, black = ene functionalities).  
 
Thermal Properties.   
Thermogravimetric analysis was utilized to characterize the thermal stability of 
the graphene loaded thiol-ene materials.  The mass of the materials was monitored while 
heated from 30 °C to 800 °C at 10 °C/min.  The thermal stability of the materials was 
determined by calculating the temperature in wherein 5% weight loss (Tdeg5%) was 
reached.  No significant change was observed in the thermal stability of the polymer 
materials upon the incorporation of the graphene materials (both GO and r-GO).  The 
TGA thermograms for TTT-TMPMP are shown in Figures 26 and 27.   
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Figure 26.  TGA plot of weight % vs. temperature and derivative weight % vs. 
temperature (inset) of GO TTT-TMPMP. 
 
Figure 27.  TGA plot of weight % vs. temperature and derivative weight % vs. 
temperature (inset) of r-GO TTT-TMPMP. 
 
Graphene Dispersion   
Dispersion of the filler within the matrix is important in order for the filler to 
reinforce the polymer matrix.  Poor filler dispersion can result in property gradients 
within the material or unfavorable interactions between the filler and the matrix.  Optical 
microscopy was utilized to investigate the dispersion of the graphene  
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Figure 28.  Optically microscopy (500 X magnifications) images of TTT-TMPMP with 
(a) neat TTT-TMPMP, (b) 0.01 wt % GO, (c) 0.05 wt % GO, (d) 0.1 wt % GO, (e) 0.5 wt 
% GO, (f) neat TTT-TMPMP, (g) 0.01 wt % r-GO, (h) 0.05 wt % r-GO, (i) 0.1 wt % r-
GO, and (j) 0.5 wt % r-GO. 
 
materials within the polymer networks.  Good dispersion is obtained through a three 
stage process, where the filler undergoes initial wetting by the matrix material, 
agglomerate breakdown within the matrix, and complete wetting by the matrix 
material.
44
  Figure 28 shows a series of images of the dispersion of graphene oxide (a-e) 
and reduced graphene oxide (f-j) in the TTT-TMPMP thiol-ene polymer network at 500 
x magnifications.  Fairly uniform dispersion is obtained at low concentrations in both GO 
and r-GO samples, whereas large aggregates become evident in the 0.5 wt % GO and 0.1 
and 0.5 wt % r-GO samples.  Aggregation at higher loading is more likely to occur 
because of the increased concentration of filler within the nanocomposite.  As a result, 
the formation of aggregates could lead to a reduced cohesiveness between the material 
and the filler, lowering the stiffness of the polymer.
15
  Similar dispersions were obtained 
in the APE-PETMP and TTT-PETMP samples (Figures in Appendix C).   
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Figure 29. Thermomechanical plots of (a) Tan delta vs. temperature and (b) storage 
modulus vs. temperature of GO APE-PETMP polymer networks.  
 
Thermomechanical Properties.   
The thermomechanical properties of the neat and graphene modified thiol-ene 
networks were measured using DMA.  (Figures 29-34).  The combination of the selected 
thiol and alkene moieties without any added graphene-based materials, APE-PETMP, 
TTT-TMPMP, and TTT-PETMP, yielded glass transition temperatures of 12, 44, and 67 
°C, respectively.  The three resin systems were loaded with low percentages (0.01, 0.05, 
0.1, and 0.5 wt %) of either graphene oxide or reduced graphene oxide and subsequently 
cured using UV radiation.   
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Figure 30. Thermomechanical plots of (a) Tan delta vs. temperature and (b) storage 
modulus vs. temperature of r-GO APE-PETMP polymer networks.  
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Figure 31. Thermomechanical plots of (a) Tan delta vs. temperature and (b) storage 
modulus vs. temperature of GO TTT-TMPMP polymer networks.  
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Figure 32. Thermomechanical plots of (a) Tan delta vs. temperature and (b) storage 
modulus vs. temperature of r-GO TTT-TMPMP polymer networks.  
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Figure 33. Thermomechanical plots of (a) Tan delta vs. temperature and (b) storage 
modulus vs. temperature of GO TTT-PETMP polymer networks.  
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Figure 34. Thermomechanical plots of (a) Tan delta vs. temperature and (b) storage 
modulus vs. temperature of r-GO TTT-PETMP polymer networks.  
 
The effect of graphene loading on the thermomechanical properties was investigated via 
changes in glass transition temperature.   
The greatest impact was observed in the TTT-PETMP system, where favorable 
interactions between matrix and filler resulted in an enhancement in Tg when both GO 
and r-GO were incorporated into the network.  An increase in Tg to 84 °C was observed 
when 0.01 wt% GO and r-GO was incorporated into the thiol-ene matrix.  A plateau, 
however, was reached upon the incorporation of higher loading percentages (i.e. 0.05,  
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Figure 35.  Plots of Tg vs Graphene Loading Percentage (wt.%) for (a) GO (b) r-GO. (■ 
= APE-PETMP, ● = TTT-TMPMP, ▲ = TTT-PETMP). 
 
0.1, and 0.5 wt %) where the glass transition was not further increased.  The 
thermomechanical properties of the APE-PETMP and TTT-TMPMP networks were 
unaffected by the graphene materials, where only slight variations from the neat system 
were observed over the range of loading percentages (results summarized in Table 4.).  
This effect is attributed to poor interactions between the graphene materials and the 
polymer matrix, resulting in an inability to hinder the segmental motion of the polymer 
matrix.
14,15
  Filler effects were observed in the r-GO-TTT-TMPMP networks, where 
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higher loading percentages of r-GO had an adverse effect on the Tg of the materials, 
where the Tgs dropped to 29 °C and 40 °C when 0.1 and 0.5 wt. %, respectively, were 
loaded into the materials, shown in Figure 35. At low amounts of r-GO, the graphene 
materials are well dispersed within the matrix and provide a reinforcing effect that results 
in an increase in glass transition temperature; however, at high amounts of r-GO, the 
materials have a negative effect on the glass transition temperature, where the Tg  
Table 4 
Glass transition temperature and full width half max (fwhm) values derived from 
dynamic mechanical analysis. 
 
APE-PETMP TTT-TMPMP TTT-PETMP 
GO Tg(°C) fwhm(°C) Tg(°C) fwhm(°C) Tg(°C) fwhm(°C) 
0 12.3 10.3 44.2 12.4 67.6 13.7 
0.01 13.4 11.9 46.7 17.1 84.5 18.3 
0.05 10.0 11.3 42.4 14.8 78.4 18.0 
0.1 5.5 11.8 47.1 16.0 80.5 20.1 
0.5 14.2 11.1 45.4 15.0 87.7 32.5 
r-GO  
     
0 12.3 10.3 44.2 12.4 67.6 13.7 
0.01 12.3 15.1 49.4 14.6 83.6 23.2 
0.05 16.8 14.3 55.7 24.1 84.4 41.5 
0.1 5.6 12.0 29.6 16.0 89.9 42.1 
0.5 11.7 20.0 40.1 28.9 80.6 37.8 
 
decrease was attributed to the large particle number density and poor surface wetting of 
the graphene materials as a result of the formation of agglomerates within the polymer 
106 
 
matrix.
15
  In the thermomechanical data, no distinction could be made between the Tg of 
the materials as a function of type of graphene material used (i.e. GO or r-GO), and is 
likely due to the low strain % (0.05%) used in the DMA tests.  In order to further test the 
systems’ response to the difference in chemical functionality between GO and r-GO, 
these materials must be subjected to higher strains typically used in tensile tests (stress 
vs. strain plots).   
Mechanical Properties.   
The mechanical properties of the graphene filled crosslinked thiol-ene networks 
were investigated using tensile tests, where the material’s response to a strain rate of 0.2 
in/min was plotted as stress–strain curves to develop structure – property relationships as 
a function of graphene loading percentages in each thiol-ene system.  The stress–strain 
curves were used to determine Young’s modulus (determined from the initial slope of the 
curves), as shown in Figure 36, and to characterize the network deformation upon strain.  
Figure 37 shows the stress-strain curves for APE-PETMP, where no significant changes 
in modulus or strain at break were observed. An initial increase in modulus was observed 
when 0.01 wt % GO was introduced into TTT-TMPMP, followed by a gradual decrease 
as the GO concentration increases.  Similarly, the modulus increased from 1,305 MPa in 
the neat TTT-TMPMP network to 1,462 and 1,637 MPa as the loading percentage of r-
GO increased to 0.01 and 0.05 wt %, respectively.  The modulus, however, decreased to 
462 MPa when 0.5 wt. % was incorporated in the network.  This behavior occurs as a 
result of poor dispersion, where at higher concentrations the graphene materials have a  
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Figure 36.  Scatter plots of Young’s modulus vs graphene wt. % with (a) GO and (b) r-
GO. (■ = APE-PETMP, ● = TTT-TMPMP, ▲ = TTT-PETMP) 
 
greater likelihood of aggregation, which act as defects in the nanostructure of the 
materials leading to a decrease in modulus.
16
   
The stress – strain curve atrributes shifted from one representative of plastic 
yielding to brittle failure as a function of the GO and r-GO loading percentages.  When 
0.01 wt. % GO was incorporated into the network, the matrix no longer exhibited a yield 
point typical of the neat system.  The material responded to the strain in a more brittle 
manner, as shown in Figure 38a, with higher modulus and lower strain at break values 
(2.86% with 0.01 wt% GO as opposed to 3.82% in the neat system.)  The brittle behavior  
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Figure 37. Tensile plots of stress vs. strain plots for (a) GO and (b) r-GO APE-PETMP 
polymer networks.  
 
is also evident when the loading percentage is increased to 0.05 wt. %, however a 
decrease in modulus is observed possibly due to a decrease in the cohesiveness between 
the matrix and the filler.  At higher loading percentages, the materials behave similar to 
the neat system, where a yield point is observed.  Similar results are shown in Figure 38b 
when r-GO was incorporated into TTT-TMPMP.  An increase in modulus was observed 
from 1,816 MPa to 1,875 and 2,074 MPa when 0.01 and 0.05 wt. % r-GO was 
incorporated into the polymer network, respectively.  The r-GO becomes detrimental to 
the modulus of the  
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Figure 38.  Tensile plot of Stress vs. Strain for TTT-TMPMP with (a) GO and (b) r-GO. 
 
thiol-ene material when the loading percentage reaches 0.5 wt. %, where the modulus 
falls below that of the neat TTT-TMPMP material.  Low loadings of GO enhanced the 
modulus of the TTT-PETMP values, whereas the r-GO had little to no effect on the 
modulus of the materials and the materials behaved in a brittle manner (shown in Figure 
39).   
Functionality of the graphene materials (i.e. GO vs. r-GO) does seem to play a 
role in how the TTT-TMPMP and TTT-PETMP networks respond to strain.  The  
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Figure 39. Tensile plots of stress vs. strain for (a) GO and (b) r-GO TTT-PETMP 
polymer networks.  
 
incorporation of low loadings of GO enhance the modulus of the materials, whereas r-
GO does not enhance the mechanical properties of the networks.  This is likely because 
the oxygen functionalities improve the compatibility of the GO materials in the TTT-
TMPMP and TTT-PETMP matrices.  This distinction is clearer because the materials are 
subjected to higher strain in the tensile tests in comparison to the DMA tests. 
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Conclusion 
In conclusion, we prepared UV curable, graphene filled crosslinked thiol-ene 
polymer network using three different base thiol-ene resins (APE-PETMP, TTT-
TMPMP, and TTT-PETMP) were used to investigate the effect of graphene oxide and 
reduced graphene oxide loading on thermomechanical and mechanical properties of 
crosslinked thiol-ene materials.  The graphene materials did not have a significant effect 
on the polymerization kinetics or the thermal properties (i.e. onset of degradation or char 
formation) of the crosslinked thiol-ene materials.  The thermomechanical and mechanical 
properties of APE-PETMP were also not significantly altered as a result of the 
incorporation of up to 0.5 wt % GO or r-GO, which is due to the rubbery nature of the 
material (Tg of the material is below room temperature) resulting in the inability to hinder 
the segmental motion of the polymer.  An enhancement in the glass transition 
temperature of the TTT-PETMP materials was observed with the incorporation of both 
GO and r-GO, however, filler effects were observed in TTT-TMPMP where the Tg 
decreased as a result of aggregate formation.  No distinction between GO and r-GO was 
evident in the DMA tests, which is likely due to the low strain used in the experimental 
setup.  The oxygen functionalities improved the compatibility of the GO filler resulting 
in a greater enhancement in the modulus of the TTT-TMPMP and TTT-PETMP 
materials.  Additionally, a brittle-to-ductile transition is observed in the TTT-TMPMP 
materials as the graphene loading increased, where the reinforced materials acted more 
brittle while the materials with poor dispersion demonstrated more ductile behavior.  
Ultimately, dispersion of the graphene materials and their interaction with the polymer 
matrix played a vital role in the final properties of the thiol-ene materials.   
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CHAPTER VI 
SPRAYABLE SUPERHYDROPHOBIC THIN FILMS: UV-CURED HYBRID 
INORGANIC-ORGANIC THIOL-ENE NETWORKS 
Introduction 
Superhydrophobic surfaces exhibiting an apparent water contact angle of greater 
than 150° and low contact angle hysteresis have attracted a tremendous amount of 
attention due to potential applications in self-cleaning coatings, drag reduction, corrosion 
resistance, and high performance textiles.
1,2
  It is well established that the 
superhydrophobic wetting state can be attributed to both chemical composition and 
geometric parameters (i.e. roughness) of the solid interface.
3
 Specifically, the 
superhydrophobic wetting state is typically manifested on surfaces exhibiting a 
combination of low surface energy and an appropriately designed hierarchically 
structured surface comprised of dual-scale textures (typically nanometer scale features 
superimposed on underlying micrometer scale features).  In general, the dual-scale 
surface roughness serves to either increase or decrease the contact area of the solid-liquid 
interface resulting in a so-called apparent contact angle.  Either the liquid completely 
conforms to the surface roughness to increase the solid-liquid contact area – an adhesive 
wetting behavior described as the Wenzel
4
 wetting state, or the liquid bridges between 
surface roughness protrusions creating a composite solid-liquid-air interface – a wetting 
behavior denoted as the Cassie-Baxter
5
 wetting state.  The composite interface associated 
with the Cassie-Baxter wetting state typically leads to high contact angles, low roll off 
angles, and correspondingly low contact angle hysteresis as exemplified by the lotus leaf 
(i.e. the lotus effect
6
). 
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Numerous physical and chemical approaches have been reported for the design of 
hierarchically structured surfaces from low surface energy materials in pursuit of the 
desirable Cassie-Baxter wetting state, including lithography,
7-9
 self-assembly,
10
 
electrospinning,
11-14
 chemical vapor deposition,
15-18
 plasma or chemical etching,
19,20
 and 
sol-gel techniques
21-23
 among many others.
24,25
  However, approaches capable of 
producing robust superhydrophobic surfaces using simple, low-cost, and industrially 
scalable techniques – parameters critical for practical applications – are rarely achieved.  
In this regard, many of the aforementioned approaches require multiple processing steps, 
expensive building blocks and/or equipment, and exhibit limitations in terms of substrate 
size and materials – all of which limit their practical applications.  In contrast, spray-
deposition provides a simple, one-step industrially viable process with a long history in 
coatings technology.  Given such advantages, the spray-deposition process has recently 
been applied for the deposition of nanoparticle suspensions,
26,27
 polymer/nanoparticle 
blends,
28-33
 sol-gel precursors,
34
 and copolymers
35-37
 toward the fabrication of 
superhydrophobic surfaces on substrates of various shapes and compositions.  
Exceedingly few of the spray-deposition approaches reported to date, particularly those 
involving polymeric binders or matrix materials, have explored stabilization mechanisms 
(i.e. crosslinking) as a route to improve the chemical, mechanical, and thermal robustness 
of superhydrophobic surfaces.
32,38
  Improvements to these robustness or durability factors 
are vital for widespread use of superhydrophobic materials.
39
  In a recent example, Raza 
et al.
32
 reported facile fabrication of superhydrophobic surfaces via spray deposition of a 
fluorinated benzoxazine monomer/silica nanoparticle solution onto glass followed by 
thermal polymerization yielding a crosslinked polybenzoxazine matrix.  Although the 
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films exhibited enhanced durability, high temperatures (220 °C) were required in the cure 
processing step, which may limit the utility of the approach on certain substrate 
materials.  It should also be noted that outside of spray-deposition of superhydrophobic 
materials, there have been a number of excellent approaches that target improvements in 
mechanical deformation (i.e. abrasion, peeling, stretching, etc.),
38-43
 temperature 
stability,
32
 and solvent resistance
44
 of non-wetting surfaces.   
Herein, we report a simple and convenient method for the fabrication of robust 
superhydrophobic surfaces via sequential spray-deposition and thiol-ene 
photopolymerization.  In addition to the salient features of spray-deposition, 
photopolymerization offers advantages such as rapid through-cure, ambient temperature 
processing, and spatial and temporal control over the polymerization.
45
  Additionally, the 
free-radical step-growth thiol-ene process facilitated by a rapid, highly efficient chain 
transfer reaction between multifunctional alkenes and thiols provides insensitivity to 
oxygen inhibition enabling ambient atmosphere photopolymerization.
46,47
  
Superhydrophobic coatings are obtained by spray-deposition of UV-curable hybrid 
inorganic-organic thiol-ene resins consisting of pentaerythritol tetra(3-
mercaptopropionate) (PETMP), triallyl isocyanurate (TTT), 2,4,6,8-tetramethyl-2,4,6,8-
tetravinylcyclotetrasiloxane (TMTVSi), and hydrophobic fumed silica nanoparticles.  
The spray-deposition process and nanoparticle agglomeration/dispersion provide surfaces 
with hierarchical morphologies exhibiting both micro- and nanoscale roughness.  The 
wetting behavior – dependent on the concentration of cyclic tetramethyltetravinyl 
siloxane and hydrophobic silica nanoparticles – can be varied over a broad range to 
ultimately provide coatings with high static water contact angles, low contact angle 
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hysteresis, and low roll off angles. Additionally, the crosslinked thiol-ene films show 
excellent chemical and solvent resistance, and high temperature stability.  We 
demonstrate the facile nature of the spray-deposition and UV-cure process on a variety of 
substrate surfaces including glass, paper, stone, and cotton fabric.    
Experimental 
Materials 
All reagents were obtained at the highest purity available and used without further 
purification unless otherwise specified.  2,2-dimethoxy-2-phenylacetophenone (DMPA), 
2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane, acetone, and tetrahydrofuran 
(THF) were obtained from Sigma-Aldrich.  Triallyl isocyanurate was obtained from TCI 
America. Pentaerythritol tetra(3-mercaptopropionate) was obtained from Bruno Bock.  
Aerosil R972, hydrophobic fumed silica with trimethylsiloxy −Si(OCH3)3 surface 
functionalization with an average primary particle size of 16 nm, was kindly provided by 
Evonik Industries. 
Characterization 
Static and dynamic water contact angle measurements were performed using a 
Ramé-hart 200-00 Std.-Tilting B. goniometer.  Static contact angles were measured using 
4-6 μL water droplets.  Dynamic contact angles were obtained by taking 10 
measurements/sec for 15 seconds of an advancing or receding water droplet using a 
syringe pump to dispense and withdraw water from the droplet on the surface at 0.150 
mL/min.  The roll off angle of a 6 μL drop was measured using the tilting feature of the 
goniometer.  Image J Drop Analysis was used to analyze the droplets and determine 
static and dynamic contact angle values.  Scanning electron microscopy (SEM) images 
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were obtained using an FEI Quanta 200 SEM at 25 kV under high vacuum conditions.  
High speed video was obtained using a Phantom v5.1 (Vision Research, Inc., Wayne, 
NJ) color high speed video camera at 2100 frames per second.  The videos were 
manipulated using Phantom 649 Camera Control software (v. 9.0.649, Vision Research, 
Inc., Wayne, NJ).  Grazing angle ATR-FTIR was conducted using a Nicolet 8700 FTIR 
spectrometer with a KBr beam splitter and a MCT/A detector.  XPS measurements were 
performed using a Kratos Axis Ultra Spectrometer (Kratos Analytical, Manchester, UK) 
with a monochromatic Al K X-ray source (1486.6 eV) operating at 150 W under 1.0 × 
10
-9
 Torr. Measurements were performed in hybrid mode using electrostatic and 
magnetic lenses, and the pass energy of the analyzer was set at 40 eV for high-resolution 
spectra and 160 eV for survey scans, with energy resolutions of 0.1 eV and 0.5 eV, 
respectively. Generally, total acquisition times of 180 s and 440 s were used to obtain 
high resolution and survey spectra, respectively. For a 0° take off angle (angle between 
sample surface normal and the electron optical axis of the spectrometer), the maximum 
information depth of the measurements was approximately 8 nm.
48
 All XPS spectra were 
recorded using the Kratos Vision II software; data files were translated to VAMAS 
format and processed using the CasaXPS software package (v. 2.3.12). Binding energies 
were calibrated with respect to C 1s at 285 eV. 
Film Preparation 
Thiol-ene resins were prepared by weighing out thiol (PETMP), alkene 
(TTT/TMTVSi), and photoinitiator (DMPA) into a glass jar, maintaining a 1:1 
stoichiometric ratio of thiol to alkene.  A specified amount of hydrophobic silica 
nanoparticles (Aerosil R972: 0, 10, 20, or 30 wt. % relative to resin) was added to the 
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resin mixture and subsequently dispersed in a low boiling organic solvent such as THF or 
acetone (15:1 w/w solvent/resin) by ultrasonication for 30 min.  Glass slides were used as 
model substrates.  Glass slides were cleaned via ultrasonication in ethanol and dried 
under a stream of nitrogen prior to use.  No additional pretreatment of the glass or other 
surfaces was performed prior to film deposition.   An air brush with a nozzle diameter of 
0.635 mm (Paasch H#3 obtained from McMaster-Carr) was connected to a compressed 
nitrogen source (40 psi) and used to spray coat the thiol-ene resin onto the glass 
substrates at a distance of 20-25 cm.  The coating was allowed to sit for 1 min and 
subsequently cured under a UV flood lamp (17 mW/cm
2
) for 5 min.  The films were then 
annealed at 40 °C for 2 hours in order to completely remove residual solvent from the 
film. 
Results and Discussion 
Film Fabrication and Composition 
As shown in Figure 40, superhydrophobic coatings were fabricated from 
nanoparticle-laden thiol-ene resins using a simple spray coating technique with 
subsequent photopolymerization.  The UV-curable resin, consisting of a photoinitiator, a 
tetrafunctional thiol (PETMP), a mixture of multifunctional enes (TTT and TMTVSi), 
and hydrophobic modified SiO2 nanoparticles, was diluted with THF or acetone to 
reduce the viscosity and disperse the nanoparticles.  The resin solution was then spray-
coated onto glass substrates.  The spray-coating process atomizes the resin solution and 
directs a  
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Figure 40.  Schematic of the spray-deposition and photopolymerization process using 
hybrid inorganic-organic thiol-ene resins laden with hydrophobic silica nanoparticles.   
 
random distribution of micrometer-sized droplets towards the substrate by air flow.  
Depending on the spray-coating parameters (i.e. nozzle size, air pressure, nozzle to 
substrate distance, etc.), the deposited resin may range from a fully wet layer to a dry-
sprayed layer.  In either case, rapid solvent evaporation leads to the formation of micro- 
and submicrometer-sized particles rendering the surface with a porous, microstructured 
morphology.   
Photopolymerization of the thiol-ene resin for 5 min under a UV flood lamp (17 
mW/cm
2
) then serves to permanently lock the obtained microstructure in place resulting 
in mechanically and thermally robust films.  Notably, the photopolymerization was 
carried out under ambient conditions with no requirement of an inert atmosphere to 
achieve a high conversion cure – a salient feature of the chosen thiol-ene chemistry.   
Upon optimization of the spray-coating process, the parameters associated with the spray 
process were held constant as described in the experimental section.  However, the 
amount of nanoparticle loading (10, 20, and 30% by weight) and the TTT:TMTVSi 
molar ratio (0:100, 25:75, 50:50, 75:25, and 100:0) were systematically investigated to  
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Figure 41.  FTIR spectra for TMTVSix-TTTy(30) containing varying concentration of 
TMTVSi. 
 
elucidate the effects of these variables on film morphology and wetting properties of the 
obtained coatings.  Henceforth, we will represent the various formulations as TMTVSix-
TTTy(z), where x and y represent the molar ratio of TMTVSi and TTT, respectively, and 
z represents the wt% of SiO2.  TMTVSi, a tetrafunctional siloxane monomer, was chosen 
to lower the surface energy and increase the hydrophobicity of the thiol-ene resin.  It 
should be noted that, in the absence of an appropriate solvent, TMTVSi is immiscible 
with the TTT/PETMP base resin (vide infra).  In conjunction with the spray-deposition 
process, the hydrophobic modified SiO2 nanoparticles with an average primary particle 
size of 16 nm serve the purpose of imparting a multiscale (micro/nano), or hierarchical 
morphology that is necessary to achieved superhydrophobic wetting properties on the 
cured coatings. 
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The changes in film composition and extent of photopolymerization of the spray-
deposited thiol-ene films were investigated using FTIR.  Figure 41 shows the FTIR 
spectra of films containing 30 wt% SiO2 with varying concentrations of TMTVSi.  The 
broad peak ranging from 945 cm
-1
 to 1285 cm
-1
 corresponds to the asymmetric Si-O-Si 
stretch arising from both the hydrophobic modified silica nanoparticles and cyclic 
siloxane ring of TMTVSi.  As expected, the overall intensity of the Si-O-Si peak 
increases with higher molar ratios of TMTVSi.  The peak at 1738 cm
-1 
is assigned to the 
carbonyl within PETMP, and the 1685 cm
-1
 peak is associated with the carbonyl stretch 
of the triazine ring of TTT.  The peak at 1463 cm
-1
 is assigned to the C-N stretch within 
the cyclic urea structure.  The intensities of the peaks at 1685 cm
-1
 and 1463 cm
-1 
decrease with decreasing TTT concentration, and are not observed in the TMTVSi100-
TTT0(30) spectrum.  Photocuring the samples under a UV flood lamp results in high 
conversion of both thiol (2570 cm
-1
) and alkene functional groups in the thiol-ene 
polymer matrix, as little evidence for the presence of either of these groups could be 
observed by FTIR.  For comparison, the FTIR spectra of the uncured films are provided 
in Figure S1.  X-ray photoelectron spectroscopy was employed to better understand the 
interfacial chemical composition of the photocured samples.  Si/C and Si/O ratios were 
calculated from the survey spectra and are shown along with the XPS survey spectra for 
the TMTVSix-TTTy(30) sample series in Figure 42.  As shown in Figure 42a, the 
TMTVSi0-TTT100(30) sample exhibits C1s, N1s, O1s, S2s, and Si2p peaks.  The Si/C 
(0.767) and Si/O (0.546)  
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Figure 42. XPS spectra for (a) TMTVSi0-TTT100(30), (b) TMTVSi50-TTT50(30), and 
TMTVSi100-TTT0(30) films.  Si/C and Si/O ratios were calculated from the respective 
survey spectrum for each sample. 
 
ratios – as well as the attenuation of the N1s and S2s peaks – indicate the interface of 
TMTVSi0-TTT100(30) is composed primarily of trimethylsiloxy-capped silica 
nanoparticles with TTT-PETMP serving as a crosslinked binder to stabilize the 
nanoparticles at the interface.  As expected, a decrease in the N1s intensity was observed 
for TMTVSi50-TTT50(30) (Figure 42b), while the N1s peak was not observed for 
TMTVSi100-TTT0(30) due to the absence of TTT in the formulation (Figure 42c).  The 
Si/C and Si/O ratios for TMTVSi50-TTT50(30) (Si/C = 2.73; Si/O = 0.789) and 
TMTVSi100-TTT0(30) (Si/C = 2.73; Si/O = 0.779) were observed to be quite similar.  The 
significant increases in the Si/C and Si/O ratios for these samples – compared with 
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TMTVSi0-TTT100(30) – indicate the interface is predominately comprised of 
trimethylsiloxy-capped silica nanoparticles.  A Si/O ratio greater than 0.5 also indicates 
some degree of surface segregation of TMTVSi; however as TMTVSi and silica 
nanoparticles both contribute to the Si/C and Si/O ratios, we are unable to conclusively 
determine in the nanoparticles are resin-coated, or if the nanoparticles are simply 
stabilized at the interface by the crosslinked resin.  Undoubtedly, the predominate 
presence of hydrophobic silica nanoparticles at the film interface plays a significant role 
in the observed wetting behavior of the films (vide infra).    
Surface Morphology 
The surface morphologies of the cured thiol-ene films were investigated using 
SEM.  Figure 43 shows the low and high magnification SEM images for the TMTVSi0-
TTT100 films containing 10% (Figure 43a,b), 20% (Figure 43c,d), and 30% (Figure 43e,f) 
by weight SiO2 nanoparticles.  At low nanoparticle loading (Figure 43a), the surfaces 
exhibit a fairly smooth morphology with low porosity on the micrometer scale, and a 
sparse distribution of particles on the nanometer scale (Figure 43b).  As the SiO2 content 
is increased, the surfaces containing 20% (Figure 43c) and 30% (Figure 43e) SiO2 
exhibit an increase in surface roughness on the microscale likely derived from the 
combination of the spray-deposition process and nanoparticle agglomeration.  
Additionally, the higher magnification images show the presence of nanometer scale 
roughness superimposed on the larger microstructure (Figure 43d and 43f).  SEM images 
for the TMTVSi50-TTT50 films containing 10%, 20%, and 30% by weight SiO2 
nanoparticles are shown in Figure 44.  The morphology of the TMTVSi50-TTT50 films 
containing 10% SiO2 generally exhibits a rough surface with low porosity on the 
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micrometer scale (Figure 44a); however, as shown in the high magnification image 
(Figure 44b), nanoparticle-rich domains are randomly distributed among resin-rich 
domains devoid of any nanometer scale roughness.  This morphology is likely due to 
phase separation of the TMTVSi monomer upon evaporation of the solvent – as 
TMTVSI is immiscible with TTT-PETMP in the absence of a suitable solvent.  As the 
concentration of SiO2 nanoparticles is increased to 20% (Figure 44c) and 30% (Figure 
44e), the substrates are completely covered by a corpuscular layer of sphere-like 
microparticles that endow the surface with a highly porous microstructure.  Higher 
magnification images of TMTVSi50-TTT50(20) and TMTVSi50-TTT50(30), shown 
respectively in Figures 5d and 5f,  again display the presence of nanoscale features 
superimposed on the larger microstructure.  At higher nanoparticle concentrations, phase 
separation of the resin is not immediately evident in the SEM images of the TMTVSi50-
TTT50 samples.  Considering the SiO2 nanoparticles are surface modified with 
trimethylsiloxane functionality, the hydrophobic SiO2 nanoparticles may play a role in 
compatiblizing TMTVSi with the other monomer constituents.  Similar trends in 
morphology were observed for the TMTVSi100-TTT0 films as a function of nanoparticle 
loading (Figure S2).  Overall, the presence of TMTVSi in the thiol-ene formulations 
containing 20 and 30% SiO2 nanoparticles appears to provide an improved size and 
distribution of microstructures (i.e. compare TMTVSi0-TTT100(30) in Figure 43e with 
TMTVSi50-TTT50(30) in Figure 44e or TMTVSi100-TTT0 (30) in Figure  D2e) on the 
surface leading to a higher degree of microporosity.  Thus, surfaces with 20% and 30% 
SiO2 exhibit the desirable hierarchical morphology comprising both micro- and 
nanometer scale roughness typically required for superhydrophobic wetting behavior. 
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Figure 43.  SEM micrographs of TMTVSi0-TTT100 with (a) 10%, (b) 20%, and (c) 30% 
nanoparticles with a scale of 100 μm and (d) 10%, (e) 20%, and (f) 30% nanoparticles 
with a scale of 2 μm. 
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Figure 44.  SEM micrographs of TMTVSi50-TTT50 with (a) 10%, (b) 20%, and (c) 30% 
nanoparticles with a scale of 100 μm and (d) 10%, (e) 20%, and (f) 30% nanoparticles 
with a scale of 2 μm. 
 
Wetting Behavior and Durabilty 
The wetting behavior of the fabricated films was evaluated by measuring the 
static water contact angle, dynamic contact angle, contact angle hysteresis (advancing 
CA minus receding CA), and roll off angle.  The wetting parameters are summarized in 
Table 5.  As shown in Table 5, the static water contact angle of the pure polymer films 
containing no nanoparticles increases with increasing TMTVSi concentration – an 
expected result as the TMTVSi is significantly more hydrophobic than TTT.  Figure 45 
shows the relationship between the static water contact angle and TMTVSi concentration 
in the thiol-ene resin for each of the SiO2  
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Table 5  
Summary of contact angle data for sprayed TMTVSix-TTT-PETMP hybrid inorganic-
organic thiol-ene thin films.  
SiO2 θAdv θStatic θRec θHys θRoll 
TMTVSi0-TTT100-PETMP 
0% - 58.6 ± 1.2 - - - 
10% 67.7 ± 1.6 59.5 ± 1.7 - - - 
20% 108.2 ± 2.2 100.4 ± 2.8 - - - 
30% 154.8 ± 1.3 152.9 ± 1.9 150.3 ± 2.4 4.5 8 ± 2 
TMTVSi25-TTT75-PETMP  
0% - 69.1 ± 0.9 - - - 
10% 79.4 ± 2.0 69.5 ± 3.5 - - - 
20% 156.9 ± 0.7 149.7 ± 1.4 145.7 ± 0.8 11.2 8 ± 1 
30% 155.0 ± 1.1 153.5 ± 1.6 150.3 ± 2.4 4.7 8 ± 2 
TMTVSi50-TTT50-PETMP  
0% - 75.9 ± 0.9 - - - 
10% 133.6 ± 1.9 124.5 ± 1.6 - - - 
20% 155.9 ± 0.9 151.5 ± 2.5 150.0 ± 0.8 5.9 6 ± 1 
30% 156.5 ± 1.3 153.5 ± 1.3 151.5 ± 1.1 5.0 3 ± 1 
TMTVSi75-TTT25-PETMP  
0% - 82.1 ± 1.4 - - - 
10% 157.5 ± 1.2 150.2 ± 2.6 - - - 
20% 156.9 ± 0.6 153.4 ± 1.7 152.3 ± 1.3 4.6 3 ± 1 
30% 156.0 ± 1.5 155.7 ± 1.3 154.2 ± 1.2 1.8 2 ± 1 
TMTVSi100-TTT0-PETMP  
0% - 85.2 ± 2.9 - - - 
10% 158.1 ± 1.1 156.5 ± 1.1 154.6 ± 0.8 3.5 5 ± 1 
20% 158.0 ± 0.7 155.2 ± 0.6 154.1 ± 0.8 3.9 5 ± 1 
30% 158.3 ± 1.0 155.3 ± 0.7 154.2 ± 0.8 4.1 3 ± 1 
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Figure 45.  Variation of the static water contact angle as a function of TMTVSi 
concentration at 10, 20, and 30 wt% SiO2 nanoparticle loading.  Insets show the static 
water drop images at the respective TMTVSi concentration. 
 
nanoparticle loading levels.  For films containing 10% SiO2, the static CA increased 
steadily upon increasing the TMTVSi concentration – a trend that reflects both the 
transition to a more porous microstructure as previously shown from Figures 4a, 5a, and 
S2a, as well as an increase in the overall hydrophobicity of the thiol-ene matrix as 
expected with higher siloxane concentrations.  At 10% SiO2 loading, only TMTVSi75-
TTT25(10) and TMTVSi100-TTT0(10) films exhibit contact angles (150.2° and 156.5°, 
respectively) associated with superhydrophobic wetting behavior.  However, TMTVSi75-
TTT25(10), along with films containing <75% TMTVSi, exhibited an adhesive-type of 
wetting, where the water droplet was strongly pinned to the surface resulting in 
immeasurable dynamic CA hysteresis values and large slide angles (>90°).   Such  
behavior is characteristic of a Wenzel wetting state in which the water droplet easily 
penetrates and conforms to the morphological features of these surfaces.  In contrast, the 
TMTVSi100-TTT0(10) film shows a low CA hysteresis (3.5°) and relatively low roll off 
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angle (5 ± 1°) consistent with a Cassie-Baxter superhydrophobic wetting state, where the 
CA is greatly influenced by the surface fraction of solid versus surface fraction of air at 
film interface.  The transition to the Cassie-Baxter wetting state is consistent with the 
previously described morphology, as TMTVSi100-TTT0(10) was the first sample at 10% 
SiO2 loading to exhibit the multiscale corpuscular microstructure that would result in a 
large ratio of liquid-air to liquid-solid contact areas required for Cassie-Baxter wetting 
behavior.  As shown in Figure 45, the concentration of TMTVSi required to reach 
superhydrophobic contact angles is greatly reduced with increasing SiO2 loading levels.  
Superhydrophobicity is achieved with and above the TMTVSi25-TTT75 formulation with 
20% SiO2, and at all TMTVSi-TTT formulations at 30% SiO2 loading.  These series of 
films all exhibit low contact angle hysteresis and low roll off angles consistent with a 
Cassie-Baxter wetting state – a consequence of the highly porous and multiscale 
corpuscular morphology previously discussed.  An additional indication of the Cassie-
Baxter state can be observed upon submersion of the films in water (Figure 46a), where a 
mirror-like surface is observed due to the total internal reflection of light caused by the 
entrapment of air resulting in a composite liquid-vapor interface between the 
superhydrophobic surface and bulk water.  The Cassie-Baxter wetting state was found to 
be stable for long submersion times and to drop impact experiments as illustrated in the 
series of high-speed video frame captures shown in Figure 46b.  Droplets of water (dyed 
red for greater visibility) dropped onto the TMTVSi50-TTT50(30) sample, even from 
distances >10 cm bounced from the surface confirming a robust Cassie-Baxter wetting 
state.   
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Figure 46.  (a) Photograph showing the mirror-like surface resulting from the submersion 
of the superhydrophobic sample into water. (b) Image captures from high-speed video of 
a red-dyed water droplet impacting and bouncing on the TMTVSi50-TTT50(30) surface.  
The distance from the needle to the surface is approximately 2 cm. 
 
The stability of the crosslinked thiol-ene coatings and of the associated 
superhydrophobic wetting behavior was further assessed by exposure of the samples to a 
variety of environmental conditions.  Static contact angle measurements conducted at pH 
2 (aq. H2SO4) and pH 12 (aq. KOH) showed no observable changes in the wetting 
behavior of the TMTVSi50-TTT50(30) samples, resulting in contact angles of 154.3° ± 
0.84° and 154.4° ± 0.51°, respectively.  The TMTVSi50-TTT50(30) samples were exposed 
to 120 °C in an air circulation oven to evaluate the temperature stability of the multi-
textured morphology.  As shown in Figure 47, the static contact angle was fairly constant 
over a 24 h exposure period at 120 °C illustrating the thermal stability of the 
microstructure – stability that can be attributed to the highly crosslinked thiol-ene 
polymer matrix resulting from photopolymerization. 
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Figure 47.  Static water contact angle versus exposure time at 120 °C in an air circulation 
oven for the TMTVSi50-TTT50(30) coating.  
 
Similarly, submersion of the cured coatings in common organic solvents (acetone, 
toluene, etc.) resulted in no observable changes in water contact angle.  Although not 
measured in a quantitative manner, the coatings are generally mechanically robust and 
are able to withstand the stresses associated with everyday handling.  As shown in Figure 
S3, the static contact angle measured before (155.8°) and after (155.3°) pressing on the 
surface with a gloved finger remained constant in the superhydrophobic regime.  
To demonstrate the versatility of this simple spray-deposition technique for the 
fabrication of superhydrophobic coatings, we sprayed the surface of a variety of 
substrates with the TMTVSi50-TTT50(30) formulation and cured the coatings under a UV 
flood lamp.  Figure 48 shows a photograph of water droplets on various treated substrates 
including glass, aluminum, filter paper, marble, sandstone, and cotton cloth.  Water 
droplets on untreated regions of these substrates are also shown to illustrate the contrast 
in wettability.  Regardless of the substrate, treatment with TMTVSi50-TTT50(30) results 
in a stable superhydrophobic surface with high contact angles (>150°) and low roll off 
angles (<5°).  As illustrated, the red-dyed water droplets easily wet, penetrate, and stain  
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Figure 48.  Photograph of various surfaces spray-coated with the TMTVSi50-TTT50(30) 
and cured under a UV flood lamp.  Shown in the photo are glass, aluminum, coated and 
uncoated filter paper, coated and uncoated marble and sandstone, and cotton fabric 
coated one side and uncoated on the reverse side.   
 
the porous stone surfaces when untreated, but are unable to wet the stone when sprayed 
with TMTVSi50-TTT50(30).The photo in Figure 48 also shows the ability to prepare 
cotton cloth with asymmetric wettability simply by spray-coating and curing only one 
side of the cloth.  Due to rapid evaporation of solvent during the spray-coating process, 
the thiol-ene resin is unable to fully penetrate through to the back side of the cotton cloth.  
Thus, the treated cloth shows superhydrophobic wetting on one side while retaining the 
original hydrophilic wetting properties of the cotton on the reverse side, as indicated by 
the aqueous dye wetting and ultimately staining the back side of the treated cotton fabric.  
We should note that our approach is not the first example of simple processing towards 
asymmetric wetting textiles
49,50
.  For example, Liu and coworkers recently reported the 
fabrication of cotton fabric with single-faced superhydrophobicity using a fluoropolymer 
emulsion foam finishing process.
49
  Nonetheless, fabrics with single-faced 
superhydrophobicity are of great interest in textile engineering for medical and industrial 
applications, including fabrics for improved performance sports and military clothing, 
bandages, microfluidic systems, and oil/water separations.   
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Conclusions 
We have demonstrated a simple spray-deposition technique that enables 
fabrication of UV-cured, superhydrophobic coatings prepared from hybrid organic-
inorganic thiol-ene precursors.  The combination of the spray-deposition process and the 
use of hydrophobic silica nanoparticles endow the surface with a randomly dispersed 
corpuscular morphology exhibiting both micro- and nanometer-scale roughness as shown 
by SEM.  With sufficient nanoparticle loading, the hierarchically structured surfaces 
result in high water contact angles (> 150°), low contact angle hysteresis (< 5°), and low 
roll off angles (2° – 5°) – all characteristics of a Cassie-Baxter wetting state.  Moreover, 
the crosslinked thiol-ene coatings are solvent resistant, stable at low and high pH, and 
maintain superhydrophobic wetting behavior at elevated temperatures.  The spray-
deposition and UV-cure thiol-ene process was applied to various substrate materials 
including glass, stone, paper, metal, and fabric – all resulting in superhydrophobic 
surfaces.  Considering the demonstrated simplicity and versatility of the present 
approach, we believe the process may be scalable for treatment of large-area substrates 
and has potential to provide an economical route to superhydrophobic surfaces for 
textiles and other industrial applications.     
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CHAPTER VII 
CONCLUSIONS AND FUTURE WORK 
While thiol-ene materials exhibit unique and well defined physical properties (i.e. 
thermomechanical and mechanical), there still lies room for vast improvement.  This 
dissertation focused on the improvement of the physical properties of highly crosslinked 
thiol-ene polymer networks by incorporating various additives (either chemically or 
physically) into the network.  
In the first study, hybrid thiol-ene networks, APE-PETMP and TTT-PETMP 
were synthesized with varying concentrations of [Vi(OH)SiO]4.  The inorganic moiety 
affected the two polymer networks differently, where an increase in glass transition 
temperature was observed for one ternary system (APE-PETMP) while a decrease in 
glass transition temperature was observed for the other ternary system (TTT-PETMP).  
An increase in glass transition temperature was observed for APE-PETMP as a result of 
the increase in overall crosslink density of the material, indicated by an increase in 
rubbery storage modulus and subsequent decrease in Mc values.  The decrease in glass 
transition temperature observed in TTT-PETMP can be attributed to an increase in 
fraction of flexible siloxane linkages as the concentration of [Vi(OH)SiO]4  increases, 
despite a similar increase in crosslink density.  Both systems exhibited rapid 
polymerization kinetics and achieved high functional group conversion.  TEM analysis 
verified the stability of the siloxane monomers in the polymer networks, where no 
siloxane aggregates were observed as a result of condensation reactions between silanol 
groups.  This work demonstrated how the monomer structure and functionality can affect 
the thermomechanical properties of the crosslinked polymer network. 
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In the second study, a mussel-inspired monofunctional monomer (dopamine 
acrylamide (DAm)) containing a pendant catechol functionality was synthesized and 
incorporated into a thiol-ene network (APE-PETMP) in an effort to improve the physical 
properties of the polymer network.  An increase in concentration of DAm resulted in a 
subsequent decrease in overall conversion likely due to the catechol functionality, 
however, 1:1 conversion between thiol and alkene functionalities was maintained at all 
concentrations of DAm.  An increase in glass transition temperature was observed as a 
function of DAm concentration despite an obvious decrease in rubbery plateau modulus.  
An FTIR study showed the presence of hydrogen bonding within the polymer networks, 
indicated as shifts in peaks related to amide and hydroxyl functionalities, as the 
concentration of DAm increased, which likely plays a role in the improved 
thermomechanical properties.  A decrease in the onset of degradation temperature and an 
increase in char formation were observed as a function of DAm concentration due to 
lowered crosslink density and higher concentrations of aromatic compounds, 
respectively.  The Young’s modulus peaked at 10 mol % DAm and the strain at break 
gradually increased with increasing DAm content, showing the balance between the 
decrease in crosslink density and increase in hydrogen bonding as a function of the 
concentration of the monofunctional monomer.  Finally, the macroscopic adhesion of the 
polymer networks to a wide range of substrates (aluminum, steel, and glass) improved 
with increasing concentrations of catechol functionality within the polymer network.  
Future work in this area would involve developing additional roles that the catechol 
functionality could play within thiol-ene polymers, including improving interactions 
between inorganic fillers and the crosslinked polymer network.  The synthesis of 
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catechol containing monomers that did not decrease the crosslink density could further 
improve the physical properties of the network. 
In the third study, UV curable graphene filled thiol-ene polymer networks were 
prepared using three different base thiol-ene resins (APE-PETMP, TTT-TMPMP, and 
TTT-PETMP) in an effort to investigate the effect of graphene oxide and reduced 
graphene oxide loading on thermomechanical and mechanical properties.  The physical 
properties of the APE-PETMP system were neither positively nor adversely affected as a 
result of GO or r-GO, likely due to poor interactions between the filler and matrix 
resulting in the inability to affect the segmental motion of the polymer networks.  Similar 
results were observed with the incorporation of GO into the TTT-TMPMP network, 
however, low weight percents (0.01 and 0.05) of r-GO resulted in an increase in glass 
transition temperature.  In TTT-TMPMP, dispersion played an important role in the 
mechanical properties of the network, where an increase in modulus at low loading 
percentages, where the network behaved as brittle materials, followed by a gradual 
decrease in modulus, where the networks produced a yield point and behaved as ductile 
materials, was observed as a result of aggregate formation.  Similar results were observed 
in the mechanical testing of both the GO and r-GO loaded TTT-PETMP networks, where 
low loadings resulted in high modulus/brittle materials and high loadings resulted in low 
modulus/ductile materials.  An initial increase in Tg followed by a plateau was observed 
as the loading of graphene materials increased as a result of favorable interactions 
between the filler and the polymer network. Ultimately, the interaction and dispersion of 
the filler plays an important role in its effect on the physical properties of the polymer 
network.  Poor interactions and dispersion can lead to either no or a detrimental effect on 
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the network properties, while good interaction and dispersion can lead to an enhancement 
in the properties of the network.  Future work in this area could include the chemical 
modification of the graphene materials in order to improve dispersion within the resins 
prior to UV curing.  This modification could be carried out either by functionalizing the 
graphene materials with small molecules or with polymers, utilizing either a grafting to 
or grafting from approach.   
In the fourth study, superhydrophobic hybrid inorganic-organic thiol-ene films 
were prepared using a spraying technique.  The resin formulation, the combination of 
TTT, PETMP, a siloxane monomer, and silica nanoparticles dissolved in THF, was 
sprayed onto the surface of a substrate using an airbrush and was subsequently cured 
using UV light.  Static contact angle was used to determine that higher concentration of 
the siloxane monomer and loading percentage silica nanparticles resulted in the 
formation of superhydrophobic surfaces.  Contact angle hysteresis was measured using 
dynamic contact angle to determine the type of wetting that occurs, either Wenzel or 
Cassie, as a function of siloxane concentration or nanoparticle loading percentage.  Low 
hysteresis values were obtained as the loading percentage of silica nanoparticles 
increased.  SEM indicated the formation of a surface containing a dual-scale roughness 
on the micro- and nano-scale as a result of siloxane concentration and nanoparticle 
loading percentage, respectively.  The dual scale roughness is important to decrease the 
surface area in contact with the water droplet resulting in a self-cleaning surface.  
Follow-up work is currently ongoing to prepare amphiphobic thiol-ene films by 
including fluorinated monomers or nanoparticles that play a significant role in the surface 
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energy of the film.  This research could result in a quick and easy method to treat a wide 
variety of surfaces.   
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APPENDIX A 
CYCLIC TETRAVINYLSILOXANETETRAOLS AS HYBRID INORGANIC-
ORGANIC THIOL-ENE NETWORKS 
 
 
Figure A1.  
29
Si NMR of [Vi(OH)SiO]4. 
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Figure A2.  GPC refractive index traces showing the gradual degradation/condensation of 
[Vi(OH)SiO]4 over a period of 86 days. 
 
 
 
Figure A3.  FTIR spectra of uncured TTT-PETMP-[Vi(OH)SiO]4 formulations. 
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Figure A4.  FTIR spectra of uncured APE-PETMP-[Vi(OH)SiO]4 formulations. 
 
 
Figure A5.  gATR-FTIR spectra of photocured TTT-PETMP-[Vi(OH)SiO]4 formulations. 
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Figure A6.  gATR-FTIR spectra of photocured APE-PETMP-[Vi(OH)SiO]4 
formulations. 
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APPENDIX B 
MUSSEL-INSPIRED THIOL-ENE POLYMER NETWORKS: INFLUENCING 
NETWORK PROPERTIES AND ADHESION WITH CATECHOL FUNCTIONALITY 
 
 
Figure B1. 
1
H NMR of phenethylacrylamide. 
 
 
Figure B2.  
13
C NMR of phenethylacrylamide 
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Figure B3.  
1
H NMR Spectrum of Dopamine Acrylamide. 
 
 
Figure B4.  
13
C NMR spectrum of dopamine acrylamide (DAm). 
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Figure B5.  Kinetic plots of thiol conversion vs. time for the PhEAm-APE-PETMP 
polymer networks with different loading percentages of PhEAm: black) 10 mol % 
PhEAm, red) 25 mol % PhEAm, and blue) 50 mol % PhEAm.   This data is presented for 
comparison with the catechol-containing DAm system, which shows evidence of 
inhibition due to the phenolic substituents. 
 
 
Figure B6.  FTIR spectra of the uncured PhEAm-APE-PETMP resins. 
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Figure B7.  FTIR spectra of the cured PhEtAm-APE-PETMP resins. 
 
Figure B8.  FTIR spectra of the uncured NBMAm-APE-PETMP resins. 
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Figure B9.  FTIR spectra of the cured NBMAm-APE-PETMP resins. 
 
Figure B10.  Thermomechanical data of a thiol-ene network (APE-PETMP) with varying 
concentrations (0-50 mol%) of N-(butoxymethyl) acrylamide (NBMAm). 
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Figure B11.  Photos of the cross-hatch adhesion tests for DAm-APE-PETMP on steel 
substrates. 
 
Figure B12.  Photos of the cross-hatch adhesion tests for DAm-APE-PETMP on marble 
substrates. 
 
Figure B13.  Photos of the pull-off adhesion tests for DAm-APE-PETMP on steel 
substrates. 
 
Figure B14.  Photos of the pull-off adhesion tests for DAm-APE-PETMP on marble 
substrates. 
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Table B1.  Pull-off adhesion data for the non-catechol PhEAm/APE-PETMP networks 
 Pull-Off Adhesion (MPa) 
Sample: 
PhEAm:APE 
Steel Aluminum 
0:100 0.74±0.05 0.87±0.045 
10:90 0.69±0.07 0.69±0.13 
25:75 0.59±0.06 0.67±0.08 
50:50 0.74±0.05 0.69±0.12 
 
  
 
158 
 
APPENDIX C 
PHOTOPOLYMERIZATION OF THIOL-ENE/GRAPHENE BASED 
NANOCOMPOSITES 
 
Figure C1. Polymerization kinetics conversion vs. time plots of APE-PETMP with a) 0, 
b) 0.01, c) 0.05, d) 0.1, and e) 0.5 wt. % GO APE-PETMP (red = thiol, black = ene 
functionalities). 
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Figure C2. Polymerization kinetics conversion vs. time plots of APE-PETMP with a) 0, 
b) 0.01, c) 0.05, d) 0.1, and e) 0.5 wt. % r-GO APE-PETMP (red = thiol, black = ene 
functionalities). 
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Figure C3. Polymerization kinetics conversion vs. time plots of TTT-TMPMP with a) 0, 
b) 0.01, c) 0.05, d) 0.1, and e) 0.5 wt. % r-GO TTT-TMPMP (red = thiol, black = ene 
functionalities). 
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Figure C4. Polymerization kinetics conversion vs. time plots of TTT-PETMP with a) 0, 
b) 0.01, c) 0.05, d) 0.1, and e) 0.5 wt. % GO TTT-PETMP (red = thiol, black = ene 
functionalities). 
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Figure C5. Polymerization kinetics conversion vs. time plots of TTT-PETMP with a) 0, 
b) 0.01, c) 0.05, d) 0.1, and e) 0.5 wt. % r-GO TTT-PETMP (red = thiol, black = ene 
functionalities). 
 
163 
 
 
Figure C6.  TGA plot of weight % vs. temperature and derivative weight % vs 
temperature (inset) of GO APE-PETMP. 
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Figure C7.  TGA plot of weight % vs. temperature and derivative weight % vs 
temperature (inset) of r-GO APE-PETMP. 
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Figure C8.  TGA plot of weight % vs. temperature and derivative weight % vs 
temperature (inset) of GO TTT-PETMP. 
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Figure C9.  TGA plot of weight % vs. temperature and derivative weight % vs 
temperature (inset) of r-GO TTT-PETMP. 
 
 
Figure C10.  Optically microscopy (500 X magnifications) images of APE-PETMP with 
a) neat APE-PETMP, b) 0.01 wt % GO, c) 0.05 wt % GO, d) 0.1 wt % GO, e) 0.5 wt % 
GO, f) neat APE-PETMP, g) 0.01 wt % r-GO, h) 0.05 wt % r-GO, i) 0.1 wt % r-GO, and 
j) 0.5 wt % r-GO. 
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Figure C11.  Optically microscopy (500 X magnifications) images of TTT-PETMP with 
a) neat TTT-PETMP, b) 0.01 wt % GO, c) 0.05 wt % GO, d) 0.1 wt % GO, e) 0.5 wt % 
GO, f) neat TTT-PETMP, g) 0.01 wt % r-GO, h) 0.05 wt % r-GO, i) 0.1 wt % r-GO, and 
j) 0.5 wt % r-GO. 
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APPENDIX D 
SPRAYABLE SUPERHYDROPHOBIC THIN FILMS: UV-CURED HYBRID 
INORGANIC-ORGANIC THIOL-ENE NETWORKS 
 
Figure D1. FTIR Spectra for TMTVSix-TTTy(30) containing varying concentration of 
TMTVSi. 
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Figure D2. SEM micrographs of TMTVSi100-TTT0 with a) 10%, b) 20%, and c) 30% 
nanoparticles with a scale of 20 μm and d) 10%, e) 20%, and f) 30% nanoparticles with a 
scale of 2 μm. 
 
 
Figure D3.  Photograph of a (a) red-dyed water droplet sitting on the surface of 
TMTVSi75-TTT25(30), (b) Pressing a gloved finger on the surface, and (c) a red-dyed 
water droplet sitting on the handled surface.  Insets show the water contact angle is 
unaffected by normal handling of the surfaces indicating a degree of mechanical 
robustness achieved via a crosslinked thiol-ene polymer network.    
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Figure D4.  Photograph showing the translucent properties of the (a) clean glass slide, 
(b) TMTVSi50-TTT50(10), (c) TMTVSi50-TTT50(20), (d) TMTVSi50-TTT50(30) coatings.  
 
 
